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РЕФЕРАТ 
ȼɵɩɭɫɤɧɚɹ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ «Ɇɨɞɟɥɢɪɨɜɚɧɢɟ АȾ ɜ ɩɨɥɹɪɧɵɯ 
ɤɨɨɪɞɢɧɚɬɚɯ ɫ ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ» ɫɨɞɟɪɠɢɬ 
86 ɫɬɪɚɧɢɰ ɬɟɤɫɬɨɜɨɝɨ ɞɨɤɭɦɟɧɬɚ, 44 ɢɥɥɸɫɬɪɚɰɢɣ, 8 ɬɚɛɥɢɰ, 16 
ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. 
ɉɈɅəɊɇАə ɋɂɋɌȿɆА ɄɈɈɊȾɂɇАɌ, АȾ 4А160Ɇ4ɍɁ, АȾ 
4А250S4ɍɁ, ɋɊȿȾɋɌȼɈ ȼɂɁɍАɅЬɇɈȽɈ ɆɈȾȿɅɂɊɈȼАɇɂə SIMULINK, 
ɆɈȾȿɅЬ. 
Ɉɛɴɟɤɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ – ɪɟɚɥɶɧɵɟ ɚɫɢɧɯɪɨɧɧɵɟ ɞɜɢɝɚɬɟɥɢ 
4А160Ɇ4ɍɁ ɢ 4А250S4ɍɁ. Ɉɫɧɨɜɧɨɣ ɡɚɞɚɱɟɣ ɩɪɨɟɤɬɚ ɹɜɥɹɟɬɫɹ 
ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɪɟɚɥɶɧɨɝɨ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɪɚɡɥɢɱɧɵɯ ɩɟɪɟɦɟɧɧɵx 
ɫ ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ. 
Цɟɥɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ: 
– ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ c ɭɱɟɬɨɦ
ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ; 
– ɩɨɫɬɪɨɟɧɢɟ ɫɬɪɭɤɬɭɪɧɵɯ ɫɯɟɦ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɫ
ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ; 
– ɩɨɫɬɪɨɟɧɢɟ ɫɬɪɭɤɬɭɪɧɵɯ ɫɯɟɦ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɫ
ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɩɨɥɧɵx ɩɟɪɟɦɟɧɧɵx; 
– ɩɨɫɬɪɨɟɧɢɟ ɫɬɪɭɤɬɭɪɧɵɯ ɫɯɟɦ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɫ
ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɩɟɪɟɦɟɧɧɵx 𝑖ݏ − 𝜓ݎ ɢ 𝜓ݏ − 𝜓ݎ; 
– ɫɪɚɜɧɟɧɢɹ ɩɨɥɭɱɟɧɧɵɯ ɞɢɧɚɦɢɱɟɫɤɢɣ ɢ ɫɬɚɬɢɫɬɢɱɟɫɤɢɯ
ɯɚɪɚɤɬɟɪɢɫɬɢɤ. 
     ȼ ɪɟɡɭɥɶɬɚɬɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ 
ɚɫɢɧɯɪɨɧɧɵɯ ɞɜɢɝɚɬɟɥɟɣ 4А160Ɇ4ɍɁ ɢ 4А250S4ɍɁ ɫ ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ 
ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɢ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝑖ݏ − 𝜓ݎ ɢ 𝜓ݏ − 𝜓ݎ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ. 
     ȼ ɢɬɨɝɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɫɬɚɬɢɱɟɫɤɢɟ ɢ ɞɢɧɚɦɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜ 
ɩɨɥɹɪɧɵɯ ɫɢɫɬɟɦɚɯ ɤɨɨɪɞɢɧɚɬ ɢ ɩɪɨɜɟɞɟɧɨ ɢɯ ɫɪɚɜɧɟɧɢɟ.
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ВВȿȾȿɇɂȿ 
ɉɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɫɢɫɬɟɦ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ ɜɨɡɧɢɤɚɟɬ ɩɪɨɛɥɟɦɚ 
ɩɪɨɜɟɪɤɢ ɩɪɚɜɢɥɶɧɨɫɬɢ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɢɧɹɬɵɯ ɪɟɲɟɧɢɣ. ɇɚɢɛɨɥɟɟ 
ɞɨɫɬɨɜɟɪɧɵɦ ɫɩɨɫɨɛɨɦ ɬɚɤɨɣ ɩɪɨɜɟɪɤɢ ɹɜɥɹɟɬɫɹ ɮɢɡɢɱɟɫɤɢɣ ɷɤɫɩɟɪɢɦɟɧɬ: 
ɢɡɝɨɬɨɜɥɟɧɢɟ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɥɧɨɰɟɧɧɨɝɨ 
ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɚɝɪɟɝɚɬɚ. əɫɧɨ, ɱɬɨ ɨɫɭɳɟɫɬɜɥɟɧɢɟ ɮɢɡɢɱɟɫɤɨɝɨ 
ɷɤɫɩɟɪɢɦɟɧɬɚ – ɷɬɨ ɬɪɭɞɨёɦɤɚɹ, ɞɥɢɬɟɥɶɧɚɹ ɢ ɞɨɪɨɝɨɫɬɨɹɳɚɹ ɩɪɨɰɟɞɭɪɚ. 
ɉɪɨɛɥɟɦɚ ɭɫɭɝɭɛɥɹɟɬɫɹ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ ɫɪɚɜɧɢɬɶ ɧɟɫɤɨɥɶɤɨ ɜɚɪɢɚɧɬɨɜ 
ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ. ȼɨ ɦɧɨɝɢɯ ɫɥɭɱɚɹɯ ɨɪɢɟɧɬɚɰɢɹ ɧɚ ɩɨɥɧɨɰɟɧɧɵɣ ɮɢɡɢɱɟɫɤɢɣ 
ɷɤɫɩɟɪɢɦɟɧɬ ɨɤɚɡɵɜɚɟɬɫɹ ɫɨɜɟɪɲɟɧɧɨ ɧɟɩɪɢɟɦɥɟɦɨɣ. 
ȼɵɯɨɞɨɦ ɢɡ ɩɨɥɨɠɟɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɡɚɦɟɧɚ ɮɢɡɢɱɟɫɤɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ 
ɦɨɞɟɥɢɪɨɜɚɧɢɟɦ ɛɭɞɭɳɟɣ ɫɢɫɬɟɦɵ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ. ɉɨɞ ɦɨɞɟɥɢɪɨɜɚɧɢɟɦ 
ɩɨɧɢɦɚɟɬɫɹ ɡɚɦɟɳɟɧɢɟ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ ɟɟ ɭɫɥɨɜɧɵɦ ɨɛɪɚɡɨɦ ɢɥɢ 
ɞɪɭɝɨɣ ɫɢɫɬɟɦɨɣ ɢ ɢɡɭɱɟɧɢɟ ɫɜɨɣɫɬɜ ɨɪɢɝɢɧɚɥɚ ɩɭɬёɦ ɢɡɭɱɟɧɢɹ ɫɜɨɣɫɬɜ 
ɦɨɞɟɥɢ. ȼ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɩɨɫɨɛɚ ɪɟɚɥɢɡɚɰɢɢ ɜɫɟ ɦɨɞɟɥɢ ɩɨɞɪɚɡɞɟɥɹɸɬɫɹ ɧɚ 
ɞɜɚ ɛɨɥɶɲɢɯ ɤɥɚɫɫɚ: ɮɢɡɢɱɟɫɤɢɟ ɢ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ. 
Ɏɢɡɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɟɞɩɨɥɚɝɚɟɬ ɢɡɝɨɬɨɜɥɟɧɢɟ ɭɩɪɨɳёɧɧɨɝɨ 
ɦɚɤɟɬɚ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ. ɍɩɪɨɳɟɧɢɟ ɤɚɫɚɟɬɫɹ ɩɪɟɠɞɟ 
ɜɫɟɝɨ ɦɚɫɲɬɚɛɚ. ɇɚɩɪɢɦɟɪ, ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ ɷɤɫɤɚɜɚɬɨɪɚ 
ɦɨɠɟɬ ɛɵɬɶ ɢɡɝɨɬɨɜɥɟɧɚ ɟɝɨ ɭɦɟɧɶɲɟɧɧɚɹ ɦɨɞɟɥɶ. Ɏɢɡɢɱɟɫɤɨɟ 
ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɭɩɪɨɳёɧɧɵɦ ɜɚɪɢɚɧɬɨɦ ɮɢɡɢɱɟɫɤɨɝɨ 
ɷɤɫɩɟɪɢɦɟɧɬɚ - ɦɚɤɟɬ ɢɦɢɬɢɪɭɟɬ ɨɫɧɨɜɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɢɫɫɥɟɞɭɟɦɨɣ 
ɫɢɫɬɟɦɵ, ɧɨ ɢɦɟɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɢɟ ɝɚɛɚɪɢɬɵ ɢ ɦɨɳɧɨɫɬɶ. Ɍɟɦ ɧɟ ɦɟɧɟɟ 
ɢɡɝɨɬɨɜɥɟɧɢɟ ɮɢɡɢɱɟɫɤɨɝɨ ɦɚɤɟɬɚ ɦɨɠɟɬ ɡɚɧɢɦɚɬɶ ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɪɟɦɹ ɢ 
ɬɪɟɛɨɜɚɬɶ ɫɭɳɟɫɬɜɟɧɧɵɯ ɤɚɩɢɬɚɥɨɜɥɨɠɟɧɢɣ. 
Ɇɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɟɞɩɨɥɚɝɚɟɬ ɧɚɥɢɱɢɟ 
ɮɨɪɦɚɥɢɡɨɜɚɧɧɨɝɨ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɨɩɢɫɚɧɢɹ ɨɪɢɝɢɧɚɥɚ – ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ 
ɦɨɞɟɥɢ – ɢ ɢɫɫɥɟɞɨɜɚɧɢɟ ɟɝɨ ɫɜɨɣɫɬɜ ɜɦɟɫɬɨ ɫɜɨɣɫɬɜ ɫɚɦɨɝɨ ɨɪɢɝɢɧɚɥɚ. ɜ 
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ɫɜɹɡɢ ɫ ɷɬɢɦ ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɧɚɡɵɜɚɸɬ ɟɳё ɜɵɱɢɫɥɢɬɟɥɶɧɵɦ 
ɷɤɫɩɟɪɢɦɟɧɬɨɦ. 
ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɫɭɳɟɫɬɜɭɟɬ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɞɨɫɬɭɩɧɵɯ 
ɲɢɪɨɤɨɦɭ ɤɪɭɝɭ ɩɨɥɶɡɨɜɚɬɟɥɟɣ ɦɨɳɧɵɯ ɩɚɤɟɬɨɜ ɩɪɢɤɥɚɞɧɵɯ ɩɪɨɝɪɚɦɦ, 
ɡɧɚɱɢɬɟɥɶɧɨ ɨɛɥɟɝɱɚɸɳɢɯ ɩɪɨɰɟɞɭɪɭ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 
Ɉɞɧɨɣ ɢɡ ɬɚɤɢɯ ɩɪɨɝɪɚɦɦ ɹɜɥɹɟɬɫɹ MatLab. 
MatLab ɫɨɫɬɨɢɬ ɤɚɤ ɛɵ ɢɡ ɦɧɨɠɟɫɬɜɚ ɩɨɞɩɪɨɝɪɚɦɦ ɬɚɤɢɯ, ɤɚɤ Control 
System Toolbox (ɞɥɹ ɪɚɫɱёɬɚ ɫɢɫɬɟɦ ɭɩɪɚɜɥɟɧɢɹ), Signal Processing Toolbox 
(ɞɥɹ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ), Image Processing Toolbox (ɞɥɹ ɨɛɪɚɛɨɬɤɢ 
ɢɡɨɛɪɚɠɟɧɢɣ) ɢ ɞɪɭɝɢɟ. ɋɢɫɬɟɦɚ MatLab ɫɨɞɟɪɠɢɬ ɬɚɤ ɠɟ ɦɨɳɧɨɟ ɫɪɟɞɫɬɜɨ 
ɜɢɡɭɚɥɶɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɢɧɚɦɢɱɟɫɤɢɯ ɫɢɫɬɟɦ Simulink. 
Ⱦɚɧɧɚɹ ɛɚɤɚɥɚɜɪɫɤɚɹ ɪɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɫ ɲɢɪɨɤɢɦ ɩɪɢɦɟɧɟɧɢɟɦ 
ɫɪɟɞɫɬɜɚ ɜɢɡɭɚɥɶɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Simulink. ɇɚ ɨɫɧɨɜɚɧɢɢ ɩɨɧɹɬɢɹ 
ɨɛɨɛɳёɧɧɨɝɨ ɜɟɤɬɨɪɚ ɫɦɨɞɟɥɢɪɨɜɚɧ ɪɟɚɥɶɧɵɣ ɚɫɢɧɯɪɨɧɧɵɣ ɞɜɢɝɚɬɟɥɶ ɜ 
ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. Ɍɚɤ ɠɟ ɫɦɨɞɟɥɢɪɨɜɚɧɵ ɩɪɨɰɟɫɫɵ ɜ 
ɚɫɢɧɯɪɨɧɧɨɦ ɞɜɢɝɚɬɟɥɟ ɫ ɭɱёɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ, 
ɩɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. 
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1. Ɉɛɨɛɳɟɧɧɵɣ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɷɧɟɪɝɢɢ
1.1 Ɉɛɨɛɳɟɧɧɵɣ (ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ) ɜɟɤɬɨɪ 
ɋɨɜɪɟɦɟɧɧɚɹ ɬɟɨɪɢɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɲɢɧ ɢ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ ɫɬɪɨɢɬɫɹ 
ɧɚ ɨɫɧɨɜɟ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɬɪɟɯɮɚɡɧɵɯ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɟɥɢɱɢɧ 
ɨɛɨɛɳɟɧɧɵɦɢ ɜɟɤɬɨɪɚɦɢ. Эɬɨ ɩɨɡɜɨɥɹɟɬ ɧɟ ɬɨɥɶɤɨ ɩɨɥɭɱɢɬɶ ɤɨɦɩɚɤɬɧɭɸ 
ɡɚɩɢɫɶ ɭɪɚɜɧɟɧɢɣ, ɧɨ ɬɚɤɠɟ ɫɬɪɨɢɬɶ ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɟ ɫɢɫɬɟɦɵ 
ɭɩɪɚɜɥɟɧɢɹ, ɛɚɡɢɪɭɸɳɢɟɫɹ ɧɚ ɜɟɤɬɨɪɧɵɯ ɩɨɧɹɬɢɹɯ. 
ȼ ɪɚɛɨɬɟ [1] ɞɥɹ ɫɢɫɬɟɦɵ ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɵɯ ɬɪɟɯɮɚɡɧɵɯ 
ɩɟɪɟɦɟɧɧɵɯ ɫ ɩɨɡɢɰɢɢ ɜɟɤɬɨɪɧɨɣ ɚɥɝɟɛɪɵ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ 
ɩɪɟɞɥɨɠɟɧɨ ɢɡɧɚɱɚɥɶɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɜɟɤɬɨɪ, ɨɩɪɟɞɟɥɹɟɦɵɣ ɬɪɟɦɹ 
ɧɟɡɚɜɢɫɢɦɵɦɢ ɤɨɨɪɞɢɧɚɬɚɦɢ, ɬ.ɟ. ɤɚɤ ɜɟɤɬɨɪ ɬɪɟɯɦɟɪɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ. 
Ɍɨɝɞɚ ɨɛɨɛɳɟɧɧɵɣ ɜɟɤɬɨɪ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɩɪɨɟɤɰɢɹɦɢ ɧɚ ɨɫɢ 
ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ (ɬɪɟɯɦɟɪɧɨɣ) ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ, ɪɚɜɧɵɦɢ 
ɦɝɧɨɜɟɧɧɵɦ ɡɧɚɱɟɧɢɹɦ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ. ɉɨ ɫɭɬɢ, ɜɦɟɫɬɨ 
ɩɥɨɫɤɨɣ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ, ɩɪɢɧɹɬɨɣ ɜ ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ, 
ɢɫɩɨɥɶɡɭɟɬɫɹ ɬɪɟɯɦɟɪɧɚɹ ɞɟɤɚɪɬɨɜɚɹ, ɩɨɫɤɨɥɶɤɭ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɱɟɬɤɢɦ 
ɨɛɨɫɧɨɜɚɧɢɟɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɚɧɚɥɢɬɢɱɟɫɤɨɣ ɝɟɨɦɟɬɪɢɢ ɢ ɜɟɤɬɨɪɧɨɣ ɚɥɝɟɛɪɵ 
ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɦɚɬɟɦɚɬɢɱɟɫɤɢ ɫɬɪɨɝɨɟ ɨɩɢɫɚɧɢɟ ɢ ɚɧɚɥɢɡ ɩɪɨɰɟɫɫɨɜ ɜ 
ɦɧɨɝɨɮɚɡɧɵɯ ɰɟɩɹɯ ɧɚ ɨɫɧɨɜɟ ɩɨɧɹɬɢɹ ɪɟɡɭɥɶɬɢɪɭɸɳɢɯ ɜɟɤɬɨɪɨɜ. Ɉɞɧɚɤɨ 
ɩɪɢ ɷɬɨɦ ɬɟɪɹɟɬɫɹ ɫɜɹɡɶ ɫ ɬɪɚɞɢɰɢɨɧɧɨ ɩɪɢɧɹɬɵɦɢ ɜ ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ 
ɩɥɨɫɤɢɦɢ ɤɨɨɪɞɢɧɚɬɧɵɦɢ ɫɢɫɬɟɦɚɦɢ, ɢɦɟɸɳɢɦɢ ɜɟɫɶɦɚ ɩɪɨɡɪɚɱɧɭɸ 
ɮɢɡɢɱɟɫɤɭɸ ɢɧɬɟɪɩɪɟɬɚɰɢɸ. Ɉɫɢ ɬɪɟɯɮɚɡɧɨɣ ɩɥɨɫɤɨɣ ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ 
– ɫɭɬɶ ɩɪɨɟɤɰɢɢ ɦɚɝɧɢɬɧɵɯ ɨɫɟɣ ɨɛɦɨɬɨɤ ɬɪɟɯɮɚɡɧɵɯ ɢɧɞɭɤɰɢɨɧɧɵɯ
ɢɫɬɨɱɧɢɤɨɜ ɢ ɩɨɬɪɟɛɢɬɟɥɟɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɧɚ ɩɥɨɫɤɨɫɬɶ ɢɯ 
ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ. 
ȼ ɪɚɛɨɬɚɯ [2, 3] ɩɪɟɞɥɚɝɚɟɬɫɹ ɫɨɜɦɟɫɬɢɬɶ ɷɬɢ ɞɜɚ ɩɨɞɯɨɞɚ, ɜɜɟɞɹ ɜ 
ɫɨɨɬɜɟɬɫɬɜɢɟ ɩɥɨɫɤɨɣ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɟ ɫɢɝɧɚɥɨɜ ݑ௔, ݑ௕, ݑ௖ (ɪɢɫ. 1.1, ɚ)
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ɧɟɤɨɬɨɪɵɣ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɣ ɜɟɤɬɨɪ ?⃗? , ɯɚɪɚɤɬɟɪɢɡɭɟɦɵɣ ɤɨɨɪɞɢɧɚɬɚɦɢ ݑఈଵ,ݑఉଵ, ݑఊଵ (ɪɢɫ. 1.1, ɛ).
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 ɚ) ɛ) 
Ɋɢɫɭɧɨɤ 1.1. ɚ) ɩɥɨɫɤɚɹ ɬɪɟɯɮɚɡɧɚɹ ɫɢɫɬɟɦɚ ɫɢɝɧɚɥɨɜ; 
ɛ) ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɣ ɜɟɤɬɨɪ ?⃗?  ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ
Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɜɟɤɬɨɪ ?⃗?  ɨɞɧɨɡɧɚɱɧɨ ɨɩɪɟɞɟɥɹɥɫɹ ɦɝɧɨɜɟɧɧɵɦɢ
ɡɧɚɱɟɧɢɹɦɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ, ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɨɜɢɬɶ ɚɧɚɥɢɬɢɱɟɫɤɭɸ 
ɫɜɹɡɶ ɦɟɠɞɭ ɧɢɦɢ ɢ ɤɨɨɪɞɢɧɚɬɚɦɢ ɜɟɤɬɨɪɚ ?⃗? , ɞɥɹ ɱɟɝɨ ɧɟɨɛɯɨɞɢɦɨ ɡɚɞɚɬɶ
ɜɡɚɢɦɧɨɟ ɪɚɫɩɨɥɨɠɟɧɢɟ ɩɥɨɫɤɨɫɬɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ɢ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ 
ɤɨɨɪɞɢɧɚɬ. 
ɋɨɜɦɟɫɬɢɦ ɧɚɱɚɥɨ ɤɨɨɪɞɢɧɚɬ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɫ ɬɨɱɤɨɣ Ɉ 
ɩɥɨɫɤɨɫɬɢ, ɚ ɫɚɦɭ ɩɥɨɫɤɨɫɬɶ ɫɨɪɢɟɧɬɢɪɭɟɦ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɱɬɨɛɵ ɧɨɪɦɚɥɶ ɤ ɧɟɣ ɢɡ ɬɨɱɤɢ Ɉ ɨɛɪɚɡɨɜɵɜɚɥɚ ɫ ɨɫɹɦɢ ߙଵ, ߚଵ, ߛଵ ɪɚɜɧɵɟ ɭɝɥɵ
(ɪɢɫ. 1.5). ɇɚɩɪɚɜɥɹɸɳɢɟ ɤɨɫɢɧɭɫɵ ɧɨɪɦɚɥɢ ON ɩɪɢ ɷɬɨɦ ɪɚɜɧɵ [4, 5]: 
cos𝜑ଵ = cos𝜑ଶ = cos 𝜑ଷ = ͳ√͵. (1.1.1) 
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ɉɪɢ ɬɚɤɨɦ ɩɨɥɨɠɟɧɢɢ ɩɥɨɫɤɨɫɬɢ ɨɬɨɛɪɚɠɟɧɢɹ ɧɚ ɧɟɟ ɨɫɟɣ ߙଵ, ߚଵ, ߛଵ ɢɡ
ɥɸɛɨɣ ɬɨɱɤɢ, ɩɪɢɧɚɞɥɟɠɚɳɟɣ ɧɨɪɦɚɥɢ ON, ɞɚɸɬ ɫɢɫɬɟɦɭ ɬɪɟɯ ɫɦɟɳɟɧɧɵɯ 
ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɪɭɝ ɞɪɭɝɚ ɧɚ ɭɝɨɥ 1200 ɢ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɜ ɬɨɱɤɟ Ɉ ɨɫɟɣ, ɬ.ɟ. 
ɨɛɪɚɡɭɸɬ ɩɥɨɫɤɭɸ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ a, b, c ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ݑ௔, ݑ௕, ݑ௖.
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Ɋɢɫɭɧɨɤ 1.2 - ɋɨɜɦɟɳɟɧɢɟ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɫ 
ɩɥɨɫɤɨɫɬɶɸ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ 
ɋɱɢɬɚɹ, ɱɬɨ ɤɨɨɪɞɢɧɚɬɵ ɜɟɤɬɨɪɚ ?⃗?  ɟɫɬɶ ɩɪɨɟɤɰɢɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ
ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ ɧɚ ɨɫɢ ߙଵ, ߚଵ, ߛଵ (ɫɦ. ɪɢɫ. 1.2), ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ:
ݑఈଵ = ݑ௔ ∙ sin 𝜑ଵ = √ʹ√͵ ∙ ݑ௔ ,ݑఉଵ = ݑ௕ ∙ sin𝜑ଶ = √ʹ√͵ ∙ ݑ௕ ,ݑఊଵ = ݑ௖ ∙ sin 𝜑ଷ = √ʹ√͵ ∙ ݑ௖ .
(1.1.2) 
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ɋɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ (1.1.2) ɜ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɢɦɟɟɬ ɜɢɞ: 
?⃗? = |ݑఈଵݑఉଵݑఊଵ| = √ʹ√͵ ∙ 𝑬 ∙ |ݑ௔ݑ௕ݑ௖ |, (1.1.3) 
ɝɞɟ ݑఈଵ, ݑఉଵ, ݑఊଵ – ɤɨɨɪɞɢɧɚɬɵ ɨɛɨɛɳɟɧɧɨɝɨ ɜɟɤɬɨɪɚ ?⃗? ; ݑ௔, ݑ௕, ݑ௖ – ɦɝɧɨɜɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ;√ଶ√ଷ – ɦɧɨɠɢɬɟɥɶ, ɨɩɪɟɞɟɥɹɟɦɵɣ ɫɨɨɬɧɨɲɟɧɢɟɦ sin 𝜑௜ = √ͳ − cosଶ 𝜑௜, ݅ =ͳ, ʹ, ͵;  𝑬 – ɟɞɢɧɢɱɧɚɹ ɤɜɚɞɪɚɬɧɚɹ ɦɚɬɪɢɰɚ, ɤɚɠɞɚɹ ɫɬɪɨɤɚ ɤɨɬɨɪɨɣ ɷɬɨ 
ɤɨɨɪɞɢɧɚɬɵ ɟɞɢɧɢɱɧɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɜɟɤɬɨɪɨɜ ɨɫɟɣ ߙଵ, ߚଵ, ߛଵ ɬɪɟɯɦɟɪɧɨɝɨ
ɩɪɨɫɬɪɚɧɫɬɜɚ: 
𝑬 = |ͳ Ͳ ͲͲ ͳ ͲͲ Ͳ ͳ|. (1.1.4) 
Ɋɢɫ. 1.2 ɢ ɭɪɚɜɧɟɧɢɹ (1.1.2), (1.1.3) ɩɨɤɚɡɵɜɚɸɬ ɮɢɡɢɱɟɫɤɭɸ ɫɭɳɧɨɫɬɶ 
ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɬɪɟɯɮɚɡɧɨɣ ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ ɨɛɨɛɳɟɧɧɵɦ 
ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɦ ɜɟɤɬɨɪɨɦ. Ɉɞɧɚɤɨ ɜ ɩɪɚɤɬɢɱɟɫɤɢɯ ɰɟɥɹɯ ɭɞɨɛɧɟɟ 
ɩɨɥɶɡɨɜɚɬɶɫɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɦɢ ɤɨɨɪɞɢɧɚɬɧɵɦɢ ɫɢɫɬɟɦɚɦɢ, ɨɫɢ ɤɨɬɨɪɵɯ 
ɨɪɢɟɧɬɢɪɨɜɚɧɵ ɨɩɪɟɞɟɥɟɧɧɵɦ ɨɛɪɚɡɨɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɦɚɝɧɢɬɧɵɯ ɢ 
ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɨɫɟɣ ɢɧɞɭɤɰɢɨɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɢ ɩɨɬɪɟɛɢɬɟɥɟɣ ɷɧɟɪɝɢɢ. 
ɉɨɷɬɨɦɭ ɜ ɤɚɱɟɫɬɜɟ ɛɚɡɨɜɨɣ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɨɨɪɞɢɧɚɬɧɭɸ 
ɫɢɫɬɟɦɭ ߙ, ߚ, ߛ, ɨɫɶ ߙ ɤɨɬɨɪɨɣ ɫɨɜɦɟɳɟɧɚ ɫ ɨɫɶɸ ɮɚɡɵ a, ɚ ɨɫɶ ߛ – ɫ 
ɧɨɪɦɚɥɶɸ ON. Ɍɨɝɞɚ ɨɫɶ ߚ ɛɭɞɟɬ ɪɚɫɩɨɥɨɠɟɧɚ ɜ ɩɥɨɫɤɨɫɬɢ ɬɪɟɯɮɚɡɧɨɣ 
ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ ɩɨɞ ɭɝɥɨɦ 𝜋 ʹ⁄  ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ߙ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ
ɱɟɪɟɞɨɜɚɧɢɹ ɮɚɡ (ɪɢɫ. 1.3).  
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Ɋɢɫɭɧɨɤ 1.3 - Ɉɪɢɟɧɬɚɰɢɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɫɢ ߙ, ߚ ɛɭɞɭɬ ɪɚɫɩɨɥɨɠɟɧɵ ɜ ɩɥɨɫɤɨɫɬɢ ɩɨɩɟɪɟɱɧɨɝɨ 
ɫɟɱɟɧɢɹ (ɜ ɩɥɨɫɤɨɫɬɢ ɦɚɝɧɢɬɧɵɯ ɨɫɟɣ) ɢɧɞɭɤɰɢɨɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ 
ɷɧɟɪɝɢɢ, ɚ ɨɫɶ ߛ – ɜɞɨɥɶ ɨɫɢ ɜɚɥɚ ɪɨɬɨɪɚ. 
ɉɭɬɟɦ ɧɟɫɥɨɠɧɵɯ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɩɨɫɬɪɨɟɧɢɣ ɦɨɠɧɨ ɩɨɤɚɡɚɬɶ, ɱɬɨ 
ɤɨɨɪɞɢɧɚɬɵ ɜɟɤɬɨɪɚ ?⃗?  ɜ ɫɢɫɬɟɦɟ ߙ, ߚ, ߛ ɫɜɹɡɚɧɵ ɫ ɤɨɨɪɞɢɧɚɬɚɦɢ ɷɬɨɝɨ
ɜɟɤɬɨɪɚ ɜ ɫɢɫɬɟɦɟ ߙଵ, ߚଵ, ߛଵ ɫɥɟɞɭɸɳɢɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ:
ݑఈ = √ʹ√͵ ∙ ݑఈଵ − ͳ√͸ ∙ ݑఉଵ − ͳ√͸ ∙ ݑఊଵ,ݑఉ = Ͳ + ͳ√ʹ ∙ ݑఉଵ − ͳ√ʹ ∙ ݑఊଵ,ݑఊ = ͳ√͵ ∙ ݑఈଵ + ͳ√͵ ∙ ݑఉଵ + ͳ√͵ ∙ ݑఊଵ.
(1.1.5) 
ȼ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɫɢɫɬɟɦɚ (1.1.5) ɢɦɟɟɬ ɜɢɞ: 
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?⃗? ሺఈ,ఉ,ఊሻ = 𝑨ଵ?⃗? ሺఈଵ,ఉଵ,ఊଵሻ, (1.1.6) 
ɝɞɟ 𝑨ଵ – ɦɚɬɪɢɰɚ ɤɨɨɪɞɢɧɚɬɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜɟɤɬɨɪɚ ?⃗?  ɢɡ ɢɫɯɨɞɧɨɣ ɜ
ɧɨɜɭɸ ɬɪɟɯɦɟɪɧɭɸ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ: 
𝑨ଵ = |
|√ʹ√͵ − ͳ√͸ − ͳ√͸Ͳ ͳ√ʹ − ͳ√ʹͳ√͵ ͳ√͵ ͳ√͵ |
|. (1.1.7) 
ɉɨɞɫɬɚɜɢɜ ɭɪɚɜɧɟɧɢɹ (1.1.2) ɜ ɭɪɚɜɧɟɧɢɹ (1.1.5) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 
ɮɨɪɦɭɥɵ ɩɪɹɦɨɝɨ ɜɵɱɢɫɥɟɧɢɹ ɤɨɨɪɞɢɧɚɬ ɜɟɤɬɨɪɚ ?⃗?  ɜ ɫɢɫɬɟɦɟ ߙ, ߚ, ߛ
ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɩɨ ɡɧɚɱɟɧɢɹɦ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ: 
ݑఈ = ʹ͵ ∙ ݑ௔ − ͳ͵ ∙ ݑ௕ − ͳ͵ ∙ ݑ௖ ,ݑఉ = Ͳ ∙ ݑ௔ + ͳ√͵ ∙ ݑ௕ − ͳ√͵ ∙ ݑ௖ ,ݑఊ = √ʹ͵ ∙ ݑ௔ + √ʹ͵ ∙ ݑ௕ + √ʹ͵ ∙ ݑ௖ .
(1.1.8) 
ȼ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɫɢɫɬɟɦɚ (1.1.8) ɢɦɟɟɬ ɜɢɞ: 
?⃗? ሺఈ,ఉ,ఊሻ = 𝑨 ∙ |ݑ௔ݑ௕ݑ௖ | ,  ሺͳ.ͳ.ͻሻ 
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ɝɞɟ 𝑨 – ɦɚɬɪɢɰɚ ɩɪɹɦɨɝɨ ɤɨɨɪɞɢɧɚɬɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɫɢɫɬɟɦɵ 
ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ɜ ɩɪɨɟɤɰɢɢ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ?⃗?  ɧɚ ɨɫɢ
ɞɟɤɚɪɬɨɜɨɣ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ߙ, ߚ, ߛ: 
𝑨 = ||
ʹ͵ − ͳ͵ − ͳ͵Ͳ ͳ√͵ − ͳ√͵√ʹ͵ √ʹ͵ √ʹ͵ |
|. (1.1.10) 
Ɋɚɫɫɦɨɬɪɟɧɧɵɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɩɨɫɬɪɨɟɧɢɹ ɩɪɟɨɛɪɚɡɭɸɬ ɩɥɨɫɤɭɸ 
ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɭɸ ɬɪɟɯɮɚɡɧɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ ɜ ɞɜɟ ɩɨɞɫɢɫɬɟɦɵ 
ɥɢɧɟɣɧɨ ɡɚɜɢɫɢɦɵɯ ɫɢɝɧɚɥɨɜ. ɉɟɪɜɚɹ ɩɨɞɫɢɫɬɟɦɚ ɨɞɧɨɦɟɪɧɚɹ ɢ, ɫ ɭɱɟɬɨɦ 
ɬɪɟɬɶɟɝɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.1.8), ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɢɝɧɚɥɨɦ ݑఊ
ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɵɦ, ɫɨɝɥɚɫɧɨ ɬɟɪɦɢɧɨɥɨɝɢɢ ɩɪɢɧɹɬɨɣ ɜ ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ [9], 
ɫɨɫɬɚɜɥɹɸɳɟɣ ɧɭɥɟɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ݑఊ = √ʹݑ଴. ȼɬɨɪɚɹ ɩɨɞɫɢɫɬɟɦɚ
ɞɜɭɯɦɟɪɧɚɹ ɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɤɨɨɪɞɢɧɚɬɚɦɢ ݑఈ ɢ ݑఉ, ɤɨɬɨɪɵɟ ɯɚɪɚɤɬɟɪɢɡɭɸɬ
ɬɪɟɯɮɚɡɧɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ ɧɟɧɭɥɟɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ݑ௔ଵ, ݑ௕ଵ, ݑ௖ଵ.
Эɬɢ ɫɢɝɧɚɥɵ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɩɨ ɩɟɪɜɵɦ ɞɜɭɦ ɭɪɚɜɧɟɧɢɹɦ ɫɢɫɬɟɦɵ 
(1.1.8) ɩɨɫɥɟ ɡɚɦɟɧɵ ɜ ɧɢɯ ɩɟɪɟɦɟɧɧɵɯ ݑ௔, ݑ௕, ݑ௖ ɧɚ ݑ௔ଵ, ݑ௕ଵ, ݑ௖ଵ ɫ ɭɱɟɬɨɦ
ɭɫɥɨɜɢɹ ݑ௔ଵ + ݑ௕ଵ + ݑ௖ଵ = Ͳ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɨɟɤɰɢɸ ?⃗? ఈఉ ɨɛɨɛɳɟɧɧɨɝɨ
(ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ) ɜɟɤɬɨɪɚ ?⃗? ɧɚ ɩɥɨɫɤɨɫɬɶ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ 
ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ ɩɪɚɜɢɥɶɧɟɟ ɧɚɡɵɜɚɬɶ ɨɛɨɛɳɟɧɧɵɦ 
(ɪɟɡɭɥɶɬɢɪɭɸɳɢɦ) ɜɟɤɬɨɪɨɦ ɫɨɫɬɚɜɥɹɸɳɢɯ ɧɟɧɭɥɟɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ 
ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ. Эɬɨ ɩɨɧɹɬɢɟ, ɩɨ ɫɭɬɢ, ɫɨɜɩɚɞɚɟɬ ɫ ɨɛɳɢɦ 
ɩɨɧɹɬɢɟɦ «ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ» ɬɨɥɶɤɨ ɜ 
ɱɚɫɬɧɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ݑఊ = √ʹݑ଴ = Ͳ.
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1.2 Вɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɟ ɭɪɚɜɧɟɧɢɹ ɨɛɨɛɳɟɧɧɨɣ ɬɪɟɯɮɚɡɧɨɣ 
ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ. ɉɪɢɦɟɧɟɧɢɟ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɚɩɩɚɪɚɬɚ 
ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ 
Ⱦɥɹ ɧɚɢɛɨɥɟɟ ɨɛɳɟɝɨ ɫɥɭɱɚɹ ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɨɣ ɫɢɫɬɟɦɵ 
ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ, ɨɛɨɛɳɟɧɧɚɹ ɦɚɲɢɧɚ ɧɟ ɦɨɠɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫɹ ɤɚɤ 
ɞɜɭɦɟɪɧɚɹ ɦɨɞɟɥɶ, ɬɚɤ ɤɚɤ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɬɪɟɦɹ 
ɤɨɨɪɞɢɧɚɬɚɦɢ [1, 6]. ȼ ɷɬɨɦ ɫɥɭɱɚɟ, ɨɛɨɛɳɟɧɧɨɣ ɦɚɲɢɧɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɦɨɞɟɥɶ, ɩɪɢɜɟɞɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 1.4. 
wsαusα
α
usȕ
wsȕ
wrȖ
urȖ
ȕ
Ȗ
wrα
urα
urȕ
wrȕ
wsȖ
usȖ
Ȧr
Ɋɢɫɭɧɨɤ 1.4 – Ɍɪɟɯɦɟɪɧɚɹ ɦɨɞɟɥɶ ɨɛɨɛɳɟɧɧɨɣ ɬɪɟɯɮɚɡɧɨɣ ɦɚɲɢɧɵ 
Ⱦɥɹ ɦɨɞɟɥɢ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 1.4, ɭɪɚɜɧɟɧɢɹ 
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɢ ɭɪɚɜɧɟɧɢɹ ɫɜɹɡɢ ɜ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ 
ɛɭɞɭɬ ɢɦɟɬɶ ɜɢɞ: 
𝑈௦⃗⃗⃗⃗ = 𝑅௦ ∙ ܫ௦⃗⃗ + ݀𝛹௦⃗⃗⃗⃗ ݀ݐ ,  ሺͳ.ʹ.ͳሻ 
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𝑈௥⃗⃗ ⃗⃗ = 𝑅௥ ∙ ܫ௥⃗⃗⃗  + ݀𝛹௥⃗⃗⃗⃗ ݀ݐ + ߱௥ ∙ 𝐵 ∙ 𝛹௥⃗⃗⃗⃗ ,  ሺͳ.ʹ.ʹሻ 𝛹௦⃗⃗⃗⃗ = ܮ௠ ∙ ܫ௥⃗⃗⃗  + ܮ௦ ∙ ܫ௦⃗⃗ ,  ሺͳ.ʹ.͵ሻ 𝛹௥⃗⃗⃗⃗ = ܮ௠ ∙ ܫ௦⃗⃗ + ܮ௥ ∙ ܫ௥⃗⃗⃗  ,  ሺͳ.ʹ.Ͷሻ 
ɝɞɟ 𝑈௦⃗⃗⃗⃗ , 𝑈௥⃗⃗ ⃗⃗  , ܫ௦⃗⃗  , ܫ௥⃗⃗⃗  , 𝛹௦⃗⃗⃗⃗  , 𝛹௥⃗⃗⃗⃗   − ɚɥɝɟɛɪɚɢɱɟɫɤɢɟ ɜɟɤɬɨɪɵ-ɫɬɨɥɛɰɵ, ɫɨɫɬɚɜɥɟɧɧɵɟ
ɢɡ ɦɝɧɨɜɟɧɧɵɯ ɡɧɚɱɟɧɢɣ ɩɪɨɟɤɰɢɣ ɨɛɨɛɳɟɧɧɵɯ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɢɣ, ɬɨɤɨɜ 
ɢ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ ɧɚ ɨɫɢ ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ ߙ, ߚ, ߛ:  
𝑈௦⃗⃗⃗⃗ = [ݑ௦ఈݑ௦ఉݑ௦ఊ] ; ܫ௦⃗⃗ = [
݅௦ఈ݅௦ఉ݅௦ఊ] ; 𝛹௦⃗⃗⃗⃗ = [
߰௦ఈ߰௦ఉ߰௦ఊ],  ሺͳ.ʹ.ͷሻ 
𝑈௥⃗⃗ ⃗⃗ = [ݑ௥ఈݑ௥ఉݑ௥ఊ] ; ܫ௥⃗⃗⃗  = [
݅௥ఈ݅௥ఉ݅௥ఊ] ; 𝛹௥⃗⃗⃗⃗ = [
߰௥ఈ߰௥ఉ߰௥ఊ].  ሺͳ.ʹ.͸ሻ 
𝑅௦, 𝑅௥ − ɦɚɬɪɢɰɵ ɚɤɬɢɜɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ:
𝑅௦ = [ݎ௦ Ͳ ͲͲ ݎ௦ ͲͲ Ͳ ݎ௦] ;  𝑅௥ = [
ݎ௥ Ͳ ͲͲ ݎ௥ ͲͲ Ͳ ݎ௥] .  ሺͳ.ʹ.͹ሻ 
ܮ௦ , ܮ௥, ܮ௠  − ɦɚɬɪɢɰɵ ɫɨɛɫɬɜɟɧɧɵɯ ɢɧɞɭɤɬɢɜɧɨɫɬɟɣ ɫɬɚɬɨɪɚ, ɪɨɬɨɪɚ ɢ
ɜɡɚɢɦɧɨɣ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ: 
ܮ௦ = [݈௦ Ͳ ͲͲ ݈௦ ͲͲ Ͳ ݈௦] ;   ܮ௥ = [
݈௥ Ͳ ͲͲ ݈௥ ͲͲ Ͳ ݈௥] ; ܮ௠ = [
݈௠ Ͳ ͲͲ ݈௠ ͲͲ Ͳ ݈௠].  ሺͳ.ʹ.ͺሻ 
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𝐵 – ɩɨɫɬɨɹɧɧɵɣ ɦɚɬɪɢɱɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ: 
𝐵 = [Ͳ −ͳ Ͳͳ Ͳ ͲͲ Ͳ Ͳ].  ሺͳ.ʹ.ͻሻ 
Ʉɚɤ ɨɬɦɟɱɟɧɨ ɜ [2, 6, 7], ɫ ɩɨɡɢɰɢɢ ɚɧɚɥɢɡɚ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ 
ɚɫɢɧɯɪɨɧɧɵɯ ɦɚɲɢɧɚɯ ɩɪɨɟɤɰɢɢ ɪɟɡɭɥɶɬɢɪɭɸɳɢɯ ɜɟɤɬɨɪɨɜ ɧɚ ɨɫɶ Ȗ 
(ɩɪɨɞɨɥɶɧɭɸ ɨɫɶ ɜɚɥɚ ɦɚɲɢɧɵ), ɨɩɪɟɞɟɥɹɟɦɵɟ ɫɨɫɬɚɜɥɹɸɳɢɦɢ ɧɭɥɟɜɨɣ 
ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ, ɨɛɪɚɡɭɸɬ ɚɜɬɨɧɨɦɧɭɸ ɫɬɪɭɤɬɭɪɭ. 
Эɬɚ ɱɚɫɬɶ ɦɨɞɟɥɢ ɧɟ ɫɜɹɡɚɧɚ ɫ ɨɫɬɚɥɶɧɨɣ ɱɚɫɬɶɸ ɩɨɥɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ 
ɦɨɞɟɥɢ ɨɛɨɛɳɟɧɧɨɣ ɦɚɲɢɧɵ ɢ ɧɟ ɡɚɜɢɫɢɬ ɧɢ ɨɬ ɜɢɞɚ, ɧɢ ɨɬ ɫɤɨɪɨɫɬɢ 
ɜɪɚɳɟɧɢɹ ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ ɜɨɤɪɭɝ ɨɫɢ Ȗ ɢ ɧɟ ɭɱɚɫɬɜɭɟɬ ɜ 
ɮɨɪɦɢɪɨɜɚɧɢɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɷɬɭ ɱɚɫɬɶ ɦɨɞɟɥɢ 
ɦɨɠɧɨ ɭɱɢɬɵɜɚɬɶ ɨɬɞɟɥɶɧɨ, ɥɢɛɨ ɧɟ ɭɱɢɬɵɜɚɬɶ ɜɨɜɫɟ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜɫɟ 
ɜɧɟɲɧɢɟ ɜɨɡɞɟɣɫɬɜɢɹ ɢ ɩɟɪɟɦɟɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ 
ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ, ɜ ɫɭɳɧɨɫɬɢ, ɧɟ ɬɪɟɯɦɟɪɧɵɟ, ɚ ɞɜɭɯɦɟɪɧɵɟ ɜɟɤɬɨɪɵ. 
ɍɞɨɛɧɵɦ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ ɹɜɥɹɟɬɫɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ 
ɚɩɩɚɪɚɬ ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ. 
ȼɜɟɞɟɦ ɜɡɚɦɟɧ ɞɜɭɯɦɟɪɧɵɯ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɢɣ, ɬɨɤɨɜ ɢ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɢɦ ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ: 
{ ⃗ݑ = ݑఈ + ݆ ∙ ݑఉ ,𝑖 = ݅ఈ + ݆ ∙ ݅ఉ ,߰⃗ = ߰ఈ + ݆ ∙ ߰ఉ.  ሺ1.2.10ሻ 
ɋ ɭɱɟɬɨɦ (1.2.10) ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɟ ɭɪɚɜɧɟɧɢɹ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ 
ɦɨɠɧɨ ɩɨɫɬɚɜɢɬɶ ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɫɢɫɬɟɦɭ ɤɨɦɩɥɟɤɫɧɵɯ ɭɪɚɜɧɟɧɢɣ:  
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{
ݑ௦⃗⃗⃗⃗ = ݎ௦ ∙ 𝑖௦⃗⃗ + 𝑝߰௦⃗⃗ ⃗⃗ ,ݑ௥⃗⃗⃗⃗ = ݎ௥ ∙ 𝑖௥⃗⃗  − ݆ ∙ 𝑤௥ ∙ ߰௥⃗⃗ ⃗⃗  + 𝑝߰௥⃗⃗ ⃗⃗  ,߰௦⃗⃗ ⃗⃗ = ݈௠ ∙ 𝑖௥⃗⃗  + ݈௦ ∙ 𝑖௦⃗⃗ ,߰௥⃗⃗ ⃗⃗  = ݈௠ ∙ 𝑖௦⃗⃗ + ݈௥ ∙ 𝑖௥⃗⃗  .  ሺ1.2.11ሻ 
ɝɞɟ p – ɫɢɦɜɨɥ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫɢɫɬɟɦɚ (1.2.11) ɡɚɩɢɫɚɧɚ ɞɥɹ ɡɚɬɨɪɦɨɠɟɧɧɨɣ 
ɦɚɲɢɧɵ ɜ ɧɟɩɨɞɜɢɠɧɨɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɬɚɬɨɪɚ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ α,ȕ. ȼ ɷɬɨɦ 
ɫɥɭɱɚɟ ɧɚ ɜɵɜɨɞɵ ɨɛɦɨɬɨɤ ɞɨɥɠɧɵ ɩɨɫɬɭɩɚɬɶ ɫɢɧɭɫɨɢɞɚɥɶɧɵɟ ɫɢɝɧɚɥɵ. 
Ɉɞɧɚɤɨ ɩɪɢ ɚɧɚɥɢɡɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɦɚɲɢɧɚɯ 
ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ ɝɨɪɚɡɞɨ ɭɞɨɛɧɟɟ ɩɨɥɶɡɨɜɚɬɶɫɹ ɫɢɫɬɟɦɨɣ ɤɨɨɪɞɢɧɚɬ x,y, 
ɜɪɚɳɚɸɳɟɣɫɹ ɫ ɩɪɨɢɡɜɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ Ȧk [1, 7, 8]. Ɉɛɨɡɧɚɱɢɦ ɭɝɨɥ, 
ɭɤɚɡɵɜɚɸɳɢɣ ɩɨɥɨɠɟɧɢɟ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɨɬɧɨɫɢɬɟɥɶɧɨ 
ɧɟɩɨɞɜɢɠɧɨɣ, ɱɟɪɟɡ șk (ɪɢɫɭɧɨɤ 1.5). 
α
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Ɋɢɫɭɧɨɤ 1.5 – ɉɪɟɨɛɪɚɡɨɜɚɧɢɟ ɤɨɨɪɞɢɧɚɬ ɜɟɤɬɨɪɚ 𝑖௦⃗⃗ 
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Ʉɚɤ ɢɡɜɟɫɬɧɨ ɢɡ ɦɚɬɟɦɚɬɢɤɢ, ɜɟɤɬɨɪ ɧɚ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ 
ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɦɨɞɭɥɟɦ ɢ ɭɝɥɨɦ (ɚɪɝɭɦɟɧɬɨɦ) ɨɬɧɨɫɢɬɟɥɶɧɨ 
ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɨɫɢ [4]. Ɋɚɫɫɦɨɬɪɢɦ ɜɟɤɬɨɪ 𝑖௦⃗⃗ , ɩɨɥɨɠɟɧɢɟ ɤɨɬɨɪɨɝɨ ɜ
ɧɟɩɨɞɜɢɠɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɨɩɪɟɞɟɥɹɟɬɫɹ ɭɝɥɨɦ φis:
𝑖௦⃗⃗ =݅௦∙݁௝𝜑𝑖ೞ.  (1.2.12) 
ɉɨɥɨɠɟɧɢɟ ɷɬɨɝɨ ɠɟ ɜɟɤɬɨɪɚ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 
ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɭɝɥɨɦ φisk=φis-șk  (ɪɢɫɭɧɨɤ 1.5). Ɍɨɝɞɚ:
𝑖௦௞⃗⃗⃗⃗  ⃗=is∙ej(φis-șk)=is∙ejφis∙e-jșk.  (1.2.13) 
ɋɪɚɜɧɢɜ ɜɵɪɚɠɟɧɢɹ (1.2.12) ɢ (1.2.13), ɩɨɥɭɱɢɦ ɜɵɪɚɠɟɧɢɹ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜɟɤɬɨɪɨɜ ɢɡ ɧɟɩɨɞɜɢɠɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɜɨ 
ɜɪɚɳɚɸɳɭɸɫɹ ɢ ɨɛɪɚɬɧɨ: 
isk=is∙e-jșk,  ሺ1.2.14ሻ 
is=isk∙ejșk.  ሺ1.2.15ሻ 
ɉɪɢɜɟɞɟɦ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.2.11) ɤ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ 
ɤɨɨɪɞɢɧɚɬ, ɞɥɹ ɱɟɝɨ ɧɟɨɛɯɨɞɢɦɨ ɭɦɧɨɠɢɬɶ ɢɯ ɩɪɚɜɵɟ ɢ ɥɟɜɵɟ ɱɚɫɬɢ ɧɚ e-jșk. 
ȼ ɢɬɨɝɟ, ɩɨɥɭɱɢɦ: 
us∙e-jșk=rs∙is∙e-jșk+e-jșk∙
dȥs
dt ,  (1.2.16) 
ur∙e-jșk=rr∙ir∙e-jșk-j∙Ȧr∙ȥr∙e-jșk+e-jșk∙
dȥr
dt .  ሺ1.2.17ሻ 
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ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɹ (1.2.16) – (1.2.17) ɜɡɹɜ ɧɟɨɛɯɨɞɢɦɵɟ 
ɩɪɨɢɡɜɨɞɧɵɟ, ɫ ɭɱɟɬɨɦ: 
ȥs=ȥsk∙ejșk,  ȥr=ȥrk∙ejșk;  us∙e-jșk=usk,  ur∙e-jșk=urk,  (1.2.18) 
is∙e-jșk=isk,  ir∙e-jșk=irk ; dșkdt =Ȧk.     (1.2.19) 
ȼ ɢɬɨɝɟ ɩɨɥɭɱɢɦ: 
usk=isk∙rs+j∙Ȧk∙ȥsk+
dȥsk
dt ,  (1.2.20) 
urk=irk∙rr+j∙ሺȦk-Ȧሻ∙ȥrk+ dȥrkdt .  ሺ1.2.21ሻ 
ɍɪɚɜɧɟɧɢɹ ɫɜɹɡɢ, ɩɨɫɥɟ ɚɧɚɥɨɝɢɱɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, ɩɪɢɨɛɪɟɬɚɸɬ 
ɜɢɞ: 
ȥsk=lm∙irk+ls∙isk,  (1.2.22) 
ȥrk=lm∙isk+lr∙irk.  ሺ1.2.23ሻ 
Ʉɨɦɩɥɟɤɫɧɵɟ ɭɪɚɜɧɟɧɢɹ (1.2.20) – (1.2.23) ɨɩɢɫɵɜɚɸɬ ɨɛɨɛɳɟɧɧɭɸ 
ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɦɚɲɢɧɭ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. ȼ ɞɚɥɶɧɟɣɲɟɦ, 
ɢɧɞɟɤɫ k ɩɪɢ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɛɭɞɟɦ ɨɩɭɫɤɚɬɶ, ɚɩɪɢɨɪɢ ɩɨɥɚɝɚɹ, ɱɬɨ 
ɜɫɟ ɦɨɞɟɥɢ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫ ɩɪɨɢɡɜɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ 
ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ.  
ɉɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɫ 
ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ, ɩɪɢɧɢɦɚɟɬɫɹ ݑ௥⃗⃗⃗⃗ = Ͳ. Ⱦɥɹ ɷɬɨɝɨ ɫɥɭɱɚɹ ɫɢɫɬɟɦɚ
ɭɪɚɜɧɟɧɢɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɩɪɢɦɟɬ ɜɢɞ: 
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{
ݑ௦⃗⃗⃗⃗ = ݎ௦ ∙ 𝑖௦⃗⃗ + ݆ ∙ 𝑤௞ ∙ ߰௦⃗⃗ ⃗⃗ + 𝑝߰௦⃗⃗ ⃗⃗ ,Ͳ = ݎ௥ ∙ 𝑖௥⃗⃗  − ݆ ∙ ሺ𝑤௞ − 𝑤ሻ ∙ ߰௥⃗⃗ ⃗⃗  + 𝑝߰௥⃗⃗ ⃗⃗  ,߰௦⃗⃗ ⃗⃗ = ݈௠ ∙ 𝑖௥⃗⃗  + ݈௦ ∙ 𝑖௦⃗⃗ ,߰௥⃗⃗ ⃗⃗  = ݈௠ ∙ 𝑖௦⃗⃗ + ݈௥ ∙ 𝑖௥⃗⃗  .  ሺͳ.ʹ.ʹͶሻ 
ȼ ɢɬɨɝɟ, ɛɟɡ ɩɨɬɟɪɢ ɨɛɳɧɨɫɬɢ ɪɚɫɫɭɠɞɟɧɢɣ, ɦɵ ɩɟɪɟɲɥɢ ɨɬ ɭɪɚɜɧɟɧɢɣ 
(1.2.1) – (1.2.4) ɤ ɫɢɫɬɟɦɟ ɭɪɚɜɧɟɧɢɣ (1.2.24). ɉɪɢ ɷɬɨɦ ɤɨɨɪɞɢɧɚɬɧɵɟ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɢɦɟɸɬ ɝɨɪɚɡɞɨ ɦɟɧɟɟ ɝɪɨɦɨɡɞɤɢɣ ɜɢɞ, ɛɨɥɶɲɭɸ ɮɢɡɢɱɟɫɤɭɸ 
ɧɚɝɥɹɞɧɨɫɬɶ ɢ ɥɟɝɤɨɫɬɶ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɢɧɬɟɪɩɪɟɬɚɰɢɢ. Ⱦɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ 
ɭɪɚɜɧɟɧɢɹ ɬɚɤɠɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɛɨɥɟɟ ɩɪɨɫɬɨɦ ɜɢɞɟ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɦɢ ɭɪɚɜɧɟɧɢɹɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɜ [7, 8]. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɚɩɩɚɪɚɬɚ ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ ɡɧɚɱɢɬɟɥɶɧɨ ɭɩɪɨɳɚɟɬ ɜɢɞ 
ɦɨɞɟɥɟɣ ɢ ɢɯ ɚɧɚɥɢɡ. 
1.3 Ɉɛɳɚɹ ɮɨɪɦɭɥɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ. Уɪɚɜɧɟɧɢɟ 
ɞɜɢɠɟɧɢɹ 
Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɩɨɥɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ 
ɤɚɤ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɷɧɟɪɝɢɢ ɭɪɚɜɧɟɧɢɹ 
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɧɟɨɛɯɨɞɢɦɨ ɞɨɩɨɥɧɢɬɶ ɭɪɚɜɧɟɧɢɹɦɢ 
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɞɜɢɠɟɧɢɹ ɪɨɬɨɪɚ. 
ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ, ɭɱɢɬɵɜɚɹ ɨɛɳɢɟ ɡɚɤɨɧɵ 
ɦɟɯɚɧɢɤɢ [9], ɫɨɝɥɚɫɧɨ ɤɨɬɨɪɵɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ݉э,
ɩɟɪɟɞɚɜɚɟɦɵɣ ɧɚ ɜɚɥ, ɭɪɚɜɧɨɜɟɲɢɜɚɟɬɫɹ ɦɨɦɟɧɬɨɦ ɫɬɚɬɢɱɟɫɤɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ݉с ɢ ɦɨɦɟɧɬɨɦ ɞɢɧɚɦɢɱɟɫɤɢɦ ݉дин:
݉э = ݉с + ݉дин.  ሺͳ.͵.ͳሻ 
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Ɇɨɦɟɧɬ ɞɢɧɚɦɢɱɟɫɤɢɣ ɹɜɥɹɟɬɫɹ, ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ, ɮɭɧɤɰɢɟɣ ɫɤɨɪɨɫɬɢ 𝑤 
ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ ɢ ɩɪɢɜɟɞɟɧɧɨɝɨ ɦɨɦɟɧɬɚ ɢɧɟɪɰɢɢ ܬ ɧɚ ɜɚɥɭ ɞɜɢɝɚɬɟɥɹ: 
݉дин = ܬ𝑝𝑤,  ሺͳ.͵.ʹሻ 
ɝɞɟ ɪ – ɫɢɦɜɨɥ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ. 
Ɇɨɦɟɧɬ ɫɬɚɬɢɱɟɫɤɢɣ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɟ – 
ɜɧɟɲɧɹɹ ɤɨɨɪɞɢɧɚɬɚ, ɤɨɬɨɪɚɹ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɫɬɶɸ (ɡɚ ɜɵɱɟɬɨɦ 
ɜɧɭɬɪɟɧɧɢɯ ɦɟɯɚɧɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɜ ɞɜɢɝɚɬɟɥɟ) ɨɩɪɟɞɟɥɹɟɬɫɹ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɩɪɢɜɨɞɢɦɨɝɨ ɜ ɞɜɢɠɟɧɢɟ ɷɬɨɣ ɦɚɲɢɧɨɣ ɪɚɛɨɱɟɝɨ 
ɦɟɯɚɧɢɡɦɚ. 
Ɇɨɦɟɧɬ ɞɢɧɚɦɢɱɟɫɤɢɣ, ɚ ɬɨɱɧɟɟ ɩɪɢɜɟɞɟɧɧɵɣ ɤ ɜɚɥɭ ɞɜɢɝɚɬɟɥɹ 
ɫɭɦɦɚɪɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ, ɬɚɤ ɠɟ ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɦɟɪɟ ɡɚɜɢɫɢɬ ɨɬ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɪɚɛɨɱɟɝɨ ɦɟɯɚɧɢɡɦɚ. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɭɪɚɜɧɟɧɢɟ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɞɜɢɠɟɧɢɹ ɪɨɬɨɪɚ ɦɨɠɟɬ ɛɵɬɶ 
ɨɞɧɨɡɧɚɱɧɨ ɨɩɪɟɞɟɥɟɧɨ ɬɨɥɶɤɨ ɫ ɭɱɟɬɨɦ ɞɢɧɚɦɢɱɟɫɤɢɯ ɢ ɫɬɚɬɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ 
ɤɨɧɤɪɟɬɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɩɪɢɜɨɞɢɦɨɝɨ ɜ ɞɜɢɠɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɨɣ. 
ɉɨɷɬɨɦɭ ɜ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ, ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ 
ɦɚɲɢɧɵ ɤɚɤ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɦɨɦɟɧɬ ɫɬɚɬɢɱɟɫɤɢɣ ɫɱɢɬɚɟɬɫɹ ɜɟɥɢɱɢɧɨɣ 
ɡɚɞɚɧɧɨɣ, ɨɩɪɟɞɟɥɹɟɦɨɣ ɭɫɥɨɜɢɹɦɢ ɤɨɧɤɪɟɬɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ. ɉɪɢɜɟɞɟɧɧɵɣ 
ɤ ɜɚɥɭ ɫɭɦɦɚɪɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ ɩɪɢɧɢɦɚɟɬɫɹ ɜɟɥɢɱɢɧɨɣ ɩɨɫɬɨɹɧɧɨɣ, 
ɪɚɜɧɨɣ ɢɥɢ ɤɪɚɬɧɨɣ ɦɨɦɟɧɬɭ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ. 
Ɍɨɝɞɚ ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ: 
ܬ𝑝𝑤 = ݉э − ݉с. (1.3.3) 
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2 Ɇɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ɚɫɢɧɯɪɨɧɧɨɝɨ 
ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 
2.1 Ɇɚɬɟɦɚɬɢɱɟɫɤɨɟ ɨɩɢɫɚɧɢɟ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 
ɋɢɫɬɟɦɚ ɤɨɦɩɥɟɤɫɧɵɯ ɭɪɚɜɧɟɧɢɣ ȺȾ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ: 
{
us=rs∙is+j∙Ȧk∙ȥs+pȥs;
0=rr∙ir+j∙ሺȦk-Ȧሻ∙ȥr+pȥr;
ȥs=ls∙is+lm∙ir;
ȥr=lm∙is+lr∙ir,
 (2.1.1) 
ɝɞɟ ls − ɩɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɫɬɚɬɨɪɚ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ;
lr − ɩɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɪɨɬɨɪɚ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ;
lm − ɜɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ;
p − ɫɢɦɜɨɥ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ. 
ls=lσs+lm,  ሺ2.1.2ሻ 
lr=lσr+lm,  ሺ2.1.3ሻ 
ɝɞɟ lσs ɢ lσr- ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ. 
Ɋɟɡɭɥɶɬɢɪɭɸɳɢɟ ɜɟɤɬɨɪɵ, ɜɯɨɞɹɳɢɟ ɜ ɭɪɚɜɧɟɧɢɟ (2.1.1), ɩɪɟɞɫɬɚɜɢɦ ɜ 
ɜɢɞɟ ɩɪɨɟɤɰɢɣ: 
ݑ௦⃗⃗⃗⃗ = ݑ௦ ∙ ݁௝𝜑𝑢ೞ = ݑ௦(cos𝜑௨ೞ + ݆ sin𝜑௨ೞ)߰௦⃗⃗ ⃗⃗ = ߰௦ ∙ ݁௝𝜑𝜓ೞ = ߰௦(cos 𝜑𝜓ೞ + ݆ sin 𝜑𝜓ೞ)߰௥⃗⃗ ⃗⃗  = ߰௥ ∙ ݁௝𝜑𝜓ೝ = ߰௥(cos 𝜑𝜓ೝ + ݆ sin𝜑𝜓ೝ)𝑖௦⃗⃗ = ݅௦ ∙ ݁௝𝜑𝑖ೞ = ݅௦(cos 𝜑௜ೞ + ݆ sin𝜑௜ೞ)𝑖௥⃗⃗  = ݅௥ ∙ ݁௝𝜑𝑖ೝ = ݅௥(cos 𝜑௜ೝ + ݆ sin 𝜑௜ೝ)
 (2.1.4) 
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ɉɨɞɫɬɚɜɢɦ ɜ ɭɪɚɜɧɟɧɢɹ (2.1.1) ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɜ 
ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ: 
{
ݑ௦ ∙ ݁௝𝜑𝑢ೞ=rs∙݅௦ ∙ ݁௝𝜑𝑖ೞ+j∙Ȧk∙߰௦ ∙ ݁௝𝜑𝜓ೞ+ ௗௗ௧ ∙ ߰௦ ∙ ݁௝𝜑𝜓ೞ;
0=rr∙݅௥ ∙ ݁௝𝜑𝑖ೝ+j∙ሺȦk-Ȧሻ∙߰௥ ∙ ݁௝𝜑𝜓ೝ+ ௗௗ௧ ∙߰௥ ∙ ݁௝𝜑𝜓ೝ;߰௦ ∙ ݁௝𝜑𝜓ೞ=ls∙݅௦ ∙ ݁௝𝜑𝑖ೞ+lm∙݅௥ ∙ ݁௝𝜑𝑖ೝ;߰௥ ∙ ݁௝𝜑𝜓ೝ=lm∙݅௦ ∙ ݁௝𝜑𝑖ೞ+lr∙݅௥ ∙ ݁௝𝜑𝑖ೝ ,  (2.1.5) 
ȼ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɹɯ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɫɢɫɬɟɦɵ 
ɭɪɚɜɧɟɧɢɣ (2.1.5) ɜɵɱɢɫɥɢɦ ɩɪɨɢɡɜɨɞɧɵɟ. ɉɨɬɨɦ ɜ ɩɟɪɜɨɦ ɭɪɚɜɧɟɧɢɢ ɥɟɜɭɸ 
ɢ ɩɪɚɜɭɸ ɱɚɫɬɢ ɩɨɞɟɥɢɦ ɧɚ ݁௝𝜑𝜓ೞ , ɚ ɜɨ ɜɬɨɪɨɦ – ɧɚ ݁௝𝜑𝜓ೝ . ɉɟɪɟɣɞɹ ɤ
ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ ɡɚɩɢɫɢ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ. ȼɵɞɟɥɢɦ ɢ 
ɡɚɩɢɲɟɦ ɨɬɞɟɥɶɧɨ ɜ ɩɨɥɭɱɟɧɧɵɯ ɭɪɚɜɧɟɧɢɹɯ ɜɟɳɟɫɬɜɟɧɧɵɟ ɢ ɦɧɢɦɵɟ 
ɫɨɫɬɚɜɥɹɸɳɢɟ: 
݀߰௦݀ݐ = ݑ௦ cosሺ𝜑௨ೞ − 𝜑𝜓ೞሻ − rs∙݅௦ cosሺ𝜑௜ೞ − 𝜑𝜓ೞሻ,݀𝜑𝜓ೞ݀ݐ = ݑ௦sin ሺ 𝜑௨ೞ − 𝜑𝜓ೞሻ߰௦ − rs∙݅௦ sinሺ𝜑௜ೞ − 𝜑𝜓ೞሻ߰௦ − ߱௞ ,݀߰௥݀ݐ = −r௥∙݅௥ cosሺ𝜑௜ೝ − 𝜑𝜓ೝሻ,݀𝜑𝜓ೝ݀ݐ = −r௥∙݅௥ sinሺ𝜑௜ೝ − 𝜑𝜓ೝሻ߰௥ − ሺ߱௞ − ߱ሻ
ȼɟɳɟɫɬɜɟɧɧɵɟ ɢ ɦɧɢɦɵɟ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɨɜ ɬɨɤɚ ɫɬɚɬɨɪɚ ݅௦ ɢ ɪɨɬɨɪɚ݅௥  ɨɩɪɟɞɟɥɢɦ ɜɵɪɚɡɢɜ ɢɯ, ɫ ɩɨɦɨɳɶɸ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ (2.1.5), ɱɟɪɟɡ 
ɜɟɳɟɫɬɜɟɧɧɵɟ ɢ ɦɧɢɦɵɟ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɨɜ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ ߰௦ ɢ
ɪɨɬɨɪɚ ߰௥:
(2.1.6) 
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݅௦ cos𝜑௜ೞ = ቆ݈′௥ + ݇௦ ∙ ݈௠݈௦ ∙ ݈′௥ ቇ ∙ ߰௦ ∙ cos𝜑௜ೞ − ݇௦݈′௥ ∙ ߰௥ ∙ cos𝜑𝜓ೝ ;݅௦ sin𝜑௜ೞ = ቆ݈′௥ + ݇௦ ∙ ݈௠݈௦ ∙ ݈′௥ ቇ ∙ ߰௦ ∙ sin𝜑௜ೞ − ݇௦݈′௥ ∙ ߰௥ ∙ sin𝜑𝜓ೝ ;݅௥ ∙ cos𝜑௜ೝ = ͳ݈′௥ ∙ ߰௥ ∙ cos𝜑𝜓ೝ − ݇௦݈′௥ ∙ ߰௦ ∙ cos𝜑௜ೞ;݅௥ ∙ sin𝜑௜ೝ = ͳ݈′௥ ∙ ߰௥ ∙ sin𝜑𝜓ೝ − ݇௦݈′௥ ∙ ߰௦ ∙ sin𝜑௜ೞ
Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɭɪɚɜɧɟɧɢɣ (2.1.6), ɫɨɞɟɪɠɚɳɢɯ 
ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɢɟ ɮɭɧɤɰɢɢ ɨɬ ɪɚɡɧɨɫɬɟɣ ɚɪɝɭɦɟɧɬɨɜ ɪɟɡɭɥɶɬɢɪɭɸɳɢɯ 
ɜɟɤɬɨɪɨɜ, ɜɨɫɩɨɥɶɡɭɟɦɫɹ ɫɨɨɬɧɨɲɟɧɢɹɦɢ: 
ݑ௦cos ሺ 𝜑௨ೞ − 𝜑𝜓ೞሻ =ݑ௦(cos𝜑௨ೞ ∙ cos𝜑𝜓ೞ + sin𝜑௨ೞ ∙ sin𝜑𝜓ೞ),ݑ௦sin ሺ 𝜑௨ೞ − 𝜑𝜓ೞሻ =ݑ௦(sin𝜑௨ೞ ∙ cos𝜑𝜓ೞ − cos𝜑௨ೞ ∙ sin𝜑𝜓ೞ),݅௦ cosሺ𝜑௜ೞ − 𝜑𝜓ೞሻ = ݅௦cos𝜑௜ೞ ∙ cos𝜑𝜓ೞ + ݅௦sin𝜑௜ೞ ∙ sin𝜑𝜓ೞ ,݅௦ sinሺ𝜑௜ೞ − 𝜑𝜓ೞሻ = ݅௦sin𝜑௜ೞ ∙ cos𝜑𝜓ೞ − ݅௦cos𝜑௜ೞ ∙ sin𝜑𝜓ೞ ,݅௥ cosሺ𝜑௜ೝ − 𝜑𝜓ೝሻ = ݅௥cos𝜑௜ೝ ∙ cos𝜑𝜓ೝ + ݅௥sin𝜑௜ೝ ∙ sin𝜑𝜓ೝ݅௥ sinሺ𝜑௜ೝ − 𝜑𝜓ೝሻ = ݅௥sin𝜑௜ೝ ∙ cos𝜑𝜓ೝ − ݅௥cos𝜑௜ೝ ∙ sin𝜑𝜓ೝ
Ɏɨɪɦɭɥɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ ɞɥɹ 
ɦɚɲɢɧɵ ɫ ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ ɢ ɩɨɫɬɨɹɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɱɟɪɟɡ 
ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɢɦɟɸɬ ɜɢɞ: 
{
mЭ=lm∙Im [is∙i̇r] ; mЭ=Im[is∙ȥ̇s];
mЭ= krl’s ∙Im[ȥs∙ȥ̇r]; mЭ=kr∙Im[is∙ȥ̇r];
mЭ=Im [i̇r∙ȥr] ; mЭ=ks∙Im [i̇r∙ȥs] . ሺ2.1.8ሻ 
(2.1.7) 
(2.1.7) 
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ɝɞɟ i̇r,ȥ̇s, ȥ̇r- ɤɨɦɩɥɟɤɫɧɨ-ɫɨɩɪɹɠɟɧɧɵɟ ɫ ir, ȥs,  ȥr  ɩɟɪɟɦɟɧɧɵɦɢ 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
ɉɪɨɟɤɰɢɢ ɭɪɚɜɧɟɧɢɣ (2.1.5) ɢɦɟɸɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: ݉э = ݈௠ ∙ ݅௦ ∙ ݅௥ ∙ sin(𝜑௜ೞ − 𝜑௜ೝ)݉э = ݅௦ ∙ ȥ௦ ∙ sin ቀ𝜑௜ೞ − 𝜑ȥೞቁ݉э = ݇௥݈′௦ ȥ௦ ∙ ȥ௥ ∙ sin ቀ𝜑ȥೞ − 𝜑ȥೝቁ ݉э = ݇௥ ∙ i௦ ∙ ȥ௥ ∙ sin ቀ𝜑iೞ − 𝜑ȥೝቁ ݉э = ݅௥ ∙ ȥ௥ ∙ sin ቀ𝜑ȥೝ − 𝜑iೝቁ݉э = ݇௦ ∙ ݅௥ ∙ ȥ௦ ∙ sin ቀ𝜑ȥೞ − 𝜑iೝቁ
ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɨɫɬɚɟɬɫɹ ɛɟɡ ɢɡɦɟɧɟɧɢɣ: 
ܬ𝑝𝑤 = ݉э − ݉с.
2.2 Уɪɚɜɧɟɧɢɹ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ɜ ɩɟɪɟɦɟɧɧɵɯ ψs, ψr
ɉɪɟɨɛɪɚɡɭɟɦ ɩɟɪɜɵɟ ɞɜɚ ɜɵɪɚɠɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɬɚɤ, ɱɬɨɛɵ ɜ 
ɧɢɯ ɜ ɤɚɱɟɫɬɜɟ ɧɟɢɡɜɟɫɬɧɵɯ ɮɢɝɭɪɢɪɨɜɚɥɢ ɬɨɥɶɤɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ. Ⱦɥɹ 
ɷɬɨɝɨ, ɢɡ ɬɪɟɬɶɟɝɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɜɵɪɚɡɢɦ ɬɨɤ ɫɬɚɬɨɪɚ, ɚ ɢɡ 
ɱɟɬɜɟɪɬɨɝɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɬɨɤ ɪɨɬɨɪɚ:  
is= 1ls ∙ȥs-
lm
ls ∙ir,  ሺ2.1.9ሻ 
ir= 1lr ∙ȥr-
lm
lr ∙is.  ሺ2.1.10ሻ 
Ⱦɚɥɟɟ ɭɪɚɜɧɟɧɢɟ (2.1.5) ɩɨɞɫɬɚɜɢɦ ɜ ɭɪɚɜɧɟɧɢɟ (2.1.6): 
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ir= 1lr ∙ȥr-
lm
lr ∙ (1ls ∙ȥs- lmls ∙ir) ,  ሺ2.1.11ሻ 
Ɋɚɫɤɪɨɟɦ ɫɤɨɛɤɢ ɢ ɩɟɪɟɧɟɫɟɦ ɱɥɟɧɵ, ɫɨɞɟɪɠɚɳɢɟ ir ɜ ɥɟɜɭɸ ɱɚɫɬɶ 
ɜɵɪɚɠɟɧɢɹ, ɚ ɨɫɬɚɜɲɢɟɫɹ ɜ ɩɪɚɜɭɸ: 
ir- lm
2
lr∙ls ∙ir=
1
lr ∙ȥr-
lm
lr∙ls ∙ȥs,  (2.1.12) 
ir ቆ1- lm2lr∙lsቇ = 1lr ∙ȥr- lmlr∙ls ∙ȥs.  ሺ2.1.13ሻ 
ȼɜɟɞɟɦ ɨɛɨɡɧɚɱɟɧɢɟ σ=1- lm2 ls∙lr⁄ – ɩɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ
ɦɚɲɢɧɵ. ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.1.13): 
σ∙ir= 1lr ∙ȥr-
lm
lr∙ls ∙ȥs,  ሺ2.1.14ሻ 
ir= 1σ∙lr ∙ȥr-
lm
σ∙lr∙ls ∙ȥs.  ሺ2.1.15ሻ 
Ⱥɧɚɥɨɝɢɱɧɨ ɩɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.1.5) ɩɨɞɫɬɚɜɢɜ ɜ ɧɟɝɨ 
ɜɵɪɚɠɟɧɢɟ (2.1.6): 
is= 1ls ∙ȥs-
lm
ls ∙ (1lr ∙ȥr- lmlr ∙is) .  ሺ2.1.16ሻ 
Ɋɚɫɤɪɨɟɦ ɫɤɨɛɤɢ ɢ ɩɟɪɟɧɟɫɟɦ ɱɥɟɧɵ, ɫɨɞɟɪɠɚɳɢɟ is ɜ ɥɟɜɭɸ ɱɚɫɬɶ 
ɜɵɪɚɠɟɧɢɹ, ɚ ɨɫɬɚɜɲɢɟɫɹ ɜ ɩɪɚɜɭɸ: 
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is- lm
2
lr∙ls ∙is=
1
ls ∙ȥs-
lm
lr∙ls ∙ȥr,  (2.1.17) 
is ቆ1- lm2lr∙lsቇ = 1ls ∙ȥs- lmlr∙ls ∙ȥr.  ሺ2.1.18ሻ 
ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.1.18): 
σ∙is= 1ls ∙ȥs-
lm
lr∙ls ∙ȥr,  ሺ2.1.19ሻ 
is= 1σ∙ls ∙ȥs-
lm
σ∙lr∙ls ∙ȥr.  ሺ2.1.20ሻ 
ɉɟɪɟɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ (2.1.15) ɢ (2.1.20), ɢɫɩɨɥɶɡɭɹ ɨɛɨɡɧɚɱɟɧɢɹ, 
ɩɪɢɧɹɬɵɟ ɜ ɩɪɢɥɨɠɟɧɢɹɯ ȼ, Ƚ. Ɍɨɝɞɚ: 
is= 1l`s ∙ȥs-
kr
l`s ∙ȥr,  ሺ2.1.21ሻ 
ir=- ksl`r ∙ȥs+
1
l`r ∙ȥr.  ሺ2.1.22ሻ 
Ⱦɚɥɟɟ ɩɨɞɫɬɚɜɢɦ ɩɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɬɨɤɨɜ ɜ ɩɟɪɜɵɟ ɞɜɚ 
ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1), ɢ, ɩɪɟɨɛɪɚɡɨɜɚɜ, ɩɨɥɭɱɢɦ: 
us= rsl`s ∙ȥs-
kr∙rs
l`s ∙ȥr+ j∙Ȧk∙ȥs+pȥs,  ሺ2.1.23ሻ 
0= rrl`r ∙ȥr-
ks∙rr
l`r ∙ȥs+j∙ሺȦk-Ȧሻ∙ȥr+pȥr,  (2.1.24) 
ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.23) ɢ (2.1.24), ɩɪɟɞɫɬɚɜɢɜ 
ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɦɚɲɢɧɵ ɜ ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ: 
30 
us∙ejφus= rsl`s ∙ȥs∙e
jφȥs- kr∙rsl`s ∙ȥr∙e
jφȥr+ j∙Ȧk∙ȥs∙ejφȥs+p(ȥs∙ejφȥs),  (2.1.25) 
0= rrl`r ∙ȥr∙e
jφȥr- ks∙rrl`r ∙ȥs∙e
jφȥs+j∙ሺȦk-Ȧሻ∙ȥr∙ejφȥr+p(ȥr∙ejφȥr).  (2.1.26) 
ɉɨɥɶɡɭɹɫɶ ɩɪɚɜɢɥɚɦɢ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ, ɜ ɱɚɫɬɧɨɫɬɢ, 
ɩɪɚɜɢɥɚɦɢ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ ɩɪɨɢɡɜɟɞɟɧɢɣ ɢ ɫɥɨɠɧɵɯ ɮɭɧɤɰɢɣ (ɜ 
ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɪɚɫɫɦɨɬɪɢɦ ɪɚɡɥɨɠɟɧɢɟ ɤɨɦɩɥɟɤɫɧɨɝɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ 
ɫɬɚɬɨɪɚ): 
p(ȥs∙ejφȥs)=pȥs∙ejφȥs+j∙ȥs∙ejφȥs∙pφȥs  (2.1.27) 
Ɋɚɫɩɢɲɟɦ ɩɨɫɥɟɞɧɢɟ ɱɥɟɧɵ ɜɵɪɚɠɟɧɢɣ (2.1.25) ɢ (2.1.26) ɜ ɜɢɞɟ: 
us∙ejφus= rsl`s ∙ȥs∙e
jφȥs
-
kr∙rs
l`s ∙ȥr∙e
jφȥr+ j∙Ȧk∙ȥs∙ejφȥs+pȥs∙ejφȥs+j∙ȥs∙ejφȥs∙pφȥs,  (2.1.28)
0= rrl r` ∙ȥr∙e
jφȥr
-
ks∙rr
l`r ∙ȥs∙e
jφȥs+j∙ሺȦk-Ȧሻ∙ȥr∙ejφȥr+pȥr∙ejφȥr+j∙ȥr∙ejφȥr∙pφȥr.  (2.1.29)
Ɋɚɡɞɟɥɢɦ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ (2.1.28) ɧɚ ejφȥs, ɚ ɨɛɟ ɱɚɫɬɢ
ɜɵɪɚɠɟɧɢɹ (2.1.29) ɧɚ ejφȥr, ɢ ɩɨɥɭɱɢɦ:
us∙ej(φus-φȥs)= rsl s` ∙ȥs-
kr∙rs
l`s ∙ȥr∙e
j(φȥr-φȥs)+ j∙Ȧk∙ȥs+pȥs+j∙ȥs∙pφȥs,  (2.1.30) 
0= rrl r` ∙ȥr-
ks∙rr
l r` ∙ȥs∙e
j(φȥs-φȥr)+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.31) 
ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɟ (2.1.30) ɢ (2.1.31), ɩɪɟɞɫɬɚɜɢɜ 
ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɜ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ: 
31 
us∙ ቀcos ቀφus-φȥsቁ +j∙ sin ቀφus-φȥsቁቁ = rsl`s ∙ȥs+pȥs+j∙ȥs∙pφȥs-
- kr∙rsl`s ∙ȥr∙ ቀcos ቀφȥr-φȥsቁ +j∙ sin ቀφȥr-φȥsቁቁ + j∙Ȧk∙ȥs,  (2.1.32) 
0= rrl`r ∙ȥr-
ks∙rr
l`r ∙ȥs∙ ቀcos ቀφȥs-φȥrቁ +j∙ sin ቀφȥs-φȥrቁቁ +
+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.33) 
ɉɪɟɨɛɪɚɡɭɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.32) – (2.1.33), ɪɚɫɤɪɵɜ ɫɤɨɛɤɢ, ɢ ɪɚɡɞɟɥɢɦ 
ɨɛɚ ɜɵɪɚɠɟɧɢɹ ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ ɢ ɦɧɢɦɵɟ ɱɚɫɬɢ: 
us∙ cos ቀφus-φȥsቁ = rsl`s ∙ȥs- kr∙rsl`s ∙ȥr∙ cos ቀφȥr-φȥsቁ +pȥs,  (2.1.34) 
0= rrl`r ∙ȥr-
ks∙rr
l`r ∙ȥs∙ cos ቀφȥs-φȥrቁ +pȥr,  (2.1.35) 
us∙ sin ቀφus-φȥsቁ =- kr∙rsl`s ∙ȥr∙ sin ቀφȥr-φȥsቁ + Ȧk∙ȥs+ȥs∙pφȥs,  (2.1.36) 
0=- ks∙rrl`r ∙ȥs∙ sin ቀφȥs-φȥrቁ +ሺȦk-Ȧሻ∙ȥr+ȥr∙pφȥr.  (2.1.37) 
ȼ ɜɵɪɚɠɟɧɢɹɯ (2.1.34) – (2.1.37) ɧɚɛɥɸɞɚɟɬɫɹ ɨɩɪɟɞɟɥɟɧɧɚɹ 
ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ: ɜɵɪɚɠɟɧɢɹ ɞɟɣɫɬɜɢɬɟɥɶɧɵɯ ɱɚɫɬɟɣ ɫɨɞɟɪɠɚɬ ɬɨɥɶɤɨ 
ɩɪɨɢɡɜɨɞɧɵɟ ɦɨɞɭɥɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ, ɢ ɧɟ ɫɨɞɟɪɠɚɬ ɩɪɨɢɡɜɨɞɧɵɯ 
ɚɪɝɭɦɟɧɬɨɜ. Ɋɚɜɧɨ ɢ ɧɚɨɛɨɪɨɬ: ɜɵɪɚɠɟɧɢɹ ɦɧɢɦɵɯ ɱɚɫɬɟɣ ɫɨɞɟɪɠɚɬ ɬɨɥɶɤɨ 
ɩɪɨɢɡɜɨɞɧɵɟ ɚɪɝɭɦɟɧɬɨɜ, ɢ ɧɟ ɫɨɞɟɪɠɚɬ ɩɪɨɢɡɜɨɞɧɵɯ ɦɨɞɭɥɟɣ.  
ɉɟɪɟɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ (2.1.34) – (2.1.37) ɜ ɛɨɥɟɟ ɭɞɨɛɧɨɦ ɜɢɞɟ, 
ɜɵɪɚɡɢɜ ɩɪɨɢɡɜɨɞɧɵɟ ɩɟɪɟɦɟɧɧɵɯ, ɩɪɢ ɷɬɨɦ ɬɚɤɠɟ ɩɪɟɨɛɪɚɡɭɟɦ ɚɪɝɭɦɟɧɬɵ 
ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ (ɩɨɥɭɱɢɦ ɜ ɚɪɝɭɦɟɧɬɚɯ cos ɢ sin ɫɥɟɞɭɸɳɢɟ 
ɪɚɡɧɨɫɬɢ: ( φȥs-φȥr ɢ φus-φȥs.):
32 
pȥs=-
rs
l`s ∙ȥs+
kr∙rs
l`s ∙ȥr∙ cos ቀφȥs-φȥrቁ +us∙ cos ቀφus-φȥsቁ ,  (2.1.38) 
pφȥs=-
kr∙rs
l`s ∙
ȥr
ȥs
∙ sin ቀφȥs-φȥrቁ - Ȧk+ usȥs ∙ sin ቀφus-φȥsቁ ,  (2.1.39) 
pȥr=-
rr
l`r ∙ȥr+
ks∙rr
l`r ∙ȥs∙ cos ቀφȥs-φȥrቁ ,  (2.1.40) 
pφȥr=
ks∙rr
l`r ∙
ȥs
ȥr
∙ sin ቀφȥs-φȥrቁ -Ȧk+Ȧ.  (2.1.41) 
Ɉɫɬɚɟɬɫɹ ɥɢɲɶ ɞɨɩɨɥɧɢɬɶ ɩɨɥɭɱɟɧɧɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɹɦ 
ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ. ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ 
ɩɨɥɭɱɢɦ: 
mЭ= krl`s ∙[ȥ̅s∙ȥ̅r],  ሺ2.1.42ሻ 
mЭ= krl s` ∙ȥs∙ȥr∙ sin ቀφȥs-φȥrቁ .  ሺ2.1.43ሻ 
Ɍɟɩɟɪɶ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɝɨɬɨɜɭɸ ɫɢɫɬɟɦɭ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ 
ɭɪɚɜɧɟɧɢɣ: 
{
pȥs=-
rs
l`s ∙ȥs+
kr∙rs
l`s ∙ȥr∙ cos ቀφȥs-φȥrቁ +us∙ cos ቀφus-φȥsቁ ,
pφȥs=-
kr∙rs
l`s ∙
ȥr
ȥs
∙ sin ቀφȥs-φȥrቁ - Ȧk+ usȥs ∙ sin ቀφus-φȥsቁ ,
pȥr=-
rr
l`r ∙ȥr+
ks∙rr
l`r ∙ȥs∙ cos ቀφȥs-φȥrቁ ,
pφȥr=
ks∙rr
l`r ∙
ȥs
ȥr
∙ sin ቀφȥs-φȥrቁ -Ȧk+Ȧ,
mЭ= krl`s ∙ȥs∙ȥr∙ sin ቀφȥs-φȥrቁ ,JpȦ=mЭ-mɋ. 
 ሺ2.1.44ሻ 
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ɇɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ (2.1.44) ɫɨɫɬɚɜɥɹɟɬɫɹ ɫɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 
ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ, 
ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 2.1. 
2.3 Уɪɚɜɧɟɧɢɹ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ɜ ɩɟɪɟɦɟɧɧɵɯ is, ψr
ɉɪɟɨɛɪɚɡɨɜɚɧɢɹ ɭɪɚɜɧɟɧɢɣ ɛɭɞɭɬ ɚɧɚɥɨɝɢɱɧɵ ɩɪɢɜɟɞɟɧɧɵɦ ɜ 
ɩɭɧɤɬɟ 2.1.2. ɉɪɟɞɫɬɚɜɢɦ ɥɢɲɶ ɧɟɤɨɬɨɪɵɟ ɨɫɧɨɜɧɵɟ ɩɪɨɦɟɠɭɬɨɱɧɵɟ 
ɜɵɪɚɠɟɧɢɹ ɢ ɪɟɡɭɥɶɬɚɬɵ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ. 
ɉɟɪɜɵɟ ɞɜɚ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɩɪɟɨɛɪɚɡɭɟɦ ɬɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɜ ɧɢɯ ɜ ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɵɯ ɮɢɝɭɪɢɪɨɜɚɥɢ ɬɨɥɶɤɨ ɬɨɤ 
ɫɬɚɬɨɪɚ ɢ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɪɨɬɨɪɚ. ȼɵɪɚɡɢɦ ɢɡ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ ɬɨɤ ɪɨɬɨɪɚ ɢ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɫɬɚɬɨɪɚ: 
ir= 1lr ∙ȥr-kr∙is,  ሺ2.1.45ሻ 
ȥs=kr∙ȥr+l's∙is.  ሺ2.1.46ሻ 
ɉɟɪɟɩɢɲɟɦ ɩɟɪɜɵɟ ɞɜɚ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɫ ɭɱɟɬɨɦ 
ɩɨɥɭɱɟɧɧɵɯ ɜɵɲɟ ɜɵɪɚɠɟɧɢɣ (2.1.31) ɢ (2.2.32): 
us=rs∙is+ j∙kr∙Ȧk∙ȥr+j∙l`s∙Ȧk∙is+p(kr∙ȥr+l`s∙is),  ሺ2.1.47ሻ 
0= rrlr ∙ȥr-kr∙rr∙is+j∙ሺȦk-Ȧሻ∙ȥr+pȥr.  (2.1.48) 
Ⱦɚɥɟɟ ɩɪɟɞɫɬɚɜɢɦ ɩɟɪɟɦɟɧɧɵɟ ɦɚɲɢɧɵ ɜ ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ ɢ 
ɩɪɨɞɢɮɮɟɪɟɧɰɢɪɭɟɦ ɩɨɫɥɟɞɧɢɣ ɱɥɟɧ ɜ ɜɵɪɚɠɟɧɢɢ (2.1.47). ɉɨɫɥɟ ɷɬɨɝɨ 
ɪɚɡɞɟɥɢɦ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ (2.1.43) ɧɚ ejφis, ɚ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ (2.1.48) 
ɧɚ ݁௝𝜑𝜓ೝ .
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Ɋɢɫɭɧɨɤ 2.1 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ ȥs, ȥr
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ȼ ɩɨɥɭɱɟɧɧɵɯ ɜɵɪɚɠɟɧɢɹɯ ɩɪɟɞɫɬɚɜɢɦ ɩɟɪɟɦɟɧɧɵɟ ɜ 
ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ, ɢ ɩɨɥɭɱɢɦ: 
us∙(cos(φus-φis) +j∙ sin(φus-φis))=rs∙is+ j∙l`s∙Ȧk∙is+l`s∙pis+j∙l`s∙is∙pφis+
+j∙kr∙Ȧk∙ȥr∙ ቀcos ቀφȥr-φisቁ +j∙ sin ቀφȥr-φisቁቁ +
+kr∙pȥr∙ ቀcos ቀφȥr-φisቁ +j∙ sin ቀφȥr-φisቁቁ +
+j∙kr∙ȥr∙pφȥr∙ ቀcos ቀφȥr-φisቁ +j∙ sin ቀφȥr-φisቁቁ ,  (2.1.49) 
0= rrlr ∙ȥr-kr∙rr∙is∙ ቀcos ቀφis-φȥrቁ +j∙ sin ቀφis-φȥrቁቁ +
+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.50) 
ȼ ɜɵɪɚɠɟɧɢɢ (2.1.49) ɤɪɨɦɟ ɩɪɨɢɡɜɨɞɧɨɣ ɦɨɞɭɥɹ ɢ ɚɪɝɭɦɟɧɬɚ 
ɜɟɤɬɨɪɚ ɬɨɤɚ ɫɬɚɬɨɪɚ ɮɢɝɭɪɢɪɭɸɬ ɩɪɨɢɡɜɨɞɧɵɟ ɦɨɞɭɥɹ ɢ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ. ȼ ɜɵɪɚɠɟɧɢɢ (2.1.50) ɩɪɢɫɭɬɫɬɜɭɸɬ ɬɨɥɶɤɨ 
ɩɪɨɢɡɜɨɞɧɵɟ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ. ɍɞɨɛɧɨ, ɜɨɫɩɨɥɶɡɨɜɚɜɲɢɫɶ 
ɨɫɨɛɟɧɧɨɫɬɶɸ ɪɚɡɞɟɥɟɧɢɹ ɜɵɪɚɠɟɧɢɣ ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɭɸ ɢ ɦɧɢɦɭɸ ɱɚɫɬɢ, 
ɜɵɪɚɡɢɬɶ ɢɡ ɜɵɪɚɠɟɧɢɹ (2.1.50) ɩɪɨɢɡɜɨɞɧɵɟ ɦɨɞɭɥɹ ɢ ɚɪɝɭɦɟɧɬɚ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ, ɚ ɡɚɬɟɦ ɩɨɞɫɬɚɜɢɬɶ ɢɯ ɜ ɜɵɪɚɠɟɧɢɹ, ɩɨɥɭɱɟɧɧɵɟ 
ɪɚɡɞɟɥɟɧɢɟɦ (2.1.49) ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɭɸ ɢ ɦɧɢɦɭɸ ɱɚɫɬɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ, ɩɨɫɥɟ 
ɨɩɢɫɚɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, ɩɨɥɭɱɢɦ: 
pis=- (rsl`s + ks∙kr∙rrl`r ) ∙is+ kr∙rrl`s∙lr ∙ȥr∙ cos ቀφis-φȥrቁ - ksl'r ∙Ȧ∙ȥr∙ sin ቀφis-φȥrቁ +
+ 1l`s ∙us∙ cos(φus-φis) ,  (2.1.51) 
pȥr=-
rr
lr ∙ȥr+kr∙rr∙is∙ cos ቀφis-φȥrቁ ,  (2.1.52) 
pφis=-
kr∙rr
l'r∙lr
∙ ȥris ∙ sin ቀφis-φȥrቁ - Ȧk- kslr ∙Ȧ∙ ȥris ∙ cos ቀφis-φȥrቁ +
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+ 1l`s ∙
us
is ∙ sin(φus-φis) ,   (2.1.53) 
pφȥr=kr∙rr∙
is
ȥr
∙ sin ቀφis-φȥrቁ -Ȧk+Ȧ.  (2.1.54) 
ɍɪɚɜɧɟɧɢɟ ɦɨɦɟɧɬɚ ɞɥɹ ɞɚɧɧɨɝɨ ɫɨɱɟɬɚɧɢɹ ɩɟɪɟɦɟɧɧɵɯ ɢɦɟɟɬ 
ɜɢɞ [10,11,12]: 
mЭ=kr∙[is∙ȥr],  ሺ2.1.55ሻ 
mЭ=kr∙is∙ȥr∙ sin ቀφis-φȥrቁ .  ሺ2.1.56ሻ 
Ⱦɨɩɨɥɧɢɦ ɩɪɢɜɟɞɟɧɧɵɟ ɜɵɲɟ ɜɵɪɚɠɟɧɢɹ ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ, 
ɢ ɩɨɥɭɱɢɦ ɢɬɨɝɨɜɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ: 
{
pis=- ( rsl`s + ks∙kr∙rrl`r ) ∙is+ ks∙rrl`r∙lr ∙ȥr∙ cos ቀφis-φȥrቁ - ksl`r ∙Ȧ∙ȥr∙ sin ቀφis-φȥrቁ +
+ 1l`s ∙us∙ cos(φus-φis) ,
pφis=-
ks∙rr
l`r∙lr ∙
ȥr
is ∙ sin ቀφis-φȥrቁ - Ȧk- ksl`r ∙Ȧ∙ ȥris ∙ cos ቀφis-φȥrቁ +
+ 1l`s ∙
us
is ∙ sin(φus-φis),
pȥr=-
rr
lr ∙ȥr+kr∙rr∙is∙ cos ቀφis-φȥrቁ ,
pφȥr=kr∙rr∙
is
ȥr
∙ sin ቀφis-φȥrቁ -Ȧk+Ȧ,
mЭ=kr∙is∙ȥr∙ sin ቀφis-φȥrቁ ,
JpȦ=mЭ-mɋ.      
(2.1.57) 
ɇɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ (2.1.57) ɫɨɫɬɚɜɥɹɟɬɫɹ ɫɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 
ɦɨɞɟɥɢ, ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 2.2. 
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Ɋɢɫɭɧɨɤ 2.2 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ is, ȥr
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2.4  ɉɨɫɬɪɨɟɧɢɟ ɫɬɪɭɤɬɭɪɧɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ 
ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜ ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɵɯ 
ɫɨɫɬɨɹɧɢɹ ɮɚɡɨɜɵɯ ɭɝɥɨɜ ɦɟɠɞɭ ɨɛɨɛɳёɧɧɵɦɢ ɜɟɤɬɨɪɚɦɢ 
Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɢ ɜɨɫɩɨɥɶɡɭɟɦɫɹ ɭɪɚɜɧɟɧɢɹɦɢ (2.41), (2.42), 
(2.43), (2.44), (2.45), (2.46). ɍɪɚɜɧɟɧɢɹ (2.41), (2.43), (2.45) ɢ (2.46) ɨɫɬɚɸɬɫɹ 
ɧɟɢɡɦɟɧɧɵɦɢ, ɩɨɫɬɪɨɟɧɢɟ ɢɯ ɦɨɞɟɥɟɣ ɨɩɢɫɚɧɨ ɜɵɲɟ. ɉɨɞɜɟɪɝɧɟɦ 
ɩɪɟɨɛɪɚɡɨɜɚɧɢɸ ɭɪɚɜɧɟɧɢɹ (2.42) ɢ (2.44). Ⱦɥɹ ɷɬɨɝɨ ɡɚɩɢɲɟɦ ɫɥɟɞɭɸɳɟɟ 
ɜɵɪɚɠɟɧɢɟ: 
ksup   (2.48) 
ȼɵɱɬɟɦ ɢɡ ɭɪɚɜɧɟɧɢɹ (3.44) ɭɪɚɜɧɟɧɢɟ (3.38): 
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(2.49) 
ɇɚ ɜɯɨɞɵ ɫɭɦɦɚɬɨɪɚ ɩɨɞɚɸɬɫɹ ɜɫɟ ɫɥɚɝɚɟɦɵɟ ɫ ɭɱёɬɨɦ ɡɧɚɤɨɜ ɩɪɢ ɧɢɯ. 
ɉɨɫɥɟ ɫɭɦɦɚɬɨɪɚ ɫɬɚɜɢɬɶɫɹ ɢɧɬɟɝɪɢɪɭɸɳɟɟ ɡɜɟɧɨ ɧɚ ɜɵɯɨɞɟ ɤɨɬɨɪɨɝɨ ɦɵ 
ɩɨɥɭɱɚɟɦ iu   . Ɇɨɞɟɥɶ ɬɚɤɨɝɨ ɭɪɚɜɧɟɧɢɹ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.14. 
Ⱦɚɥɟɟ ɜɵɱɢɬɚɟɦ ɢɡ ɭɪɚɜɧɟɧɢɹ (2.42) ɭɪɚɜɧɟɧɢɟ (2.44): 
     
   
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
 (2.46) 
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s
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ɇɚ ɜɯɨɞɵ ɫɭɦɦɚɬɨɪɚ ɩɨɞɚɸɬɫɹ ɜɫɟ ɫɥɚɝɚɟɦɵɟ ɫ ɭɱёɬɨɦ ɡɧɚɤɨɜ ɩɪɢ ɧɢɯ. 
ɉɨɫɥɟ ɫɭɦɦɚɬɨɪɚ ɫɬɚɜɢɬɶɫɹ ɢɧɬɟɝɪɢɪɭɸɳɟɟ ɡɜɟɧɨ ɧɚ ɜɵɯɨɞɟ ɤɨɬɨɪɨɝɨ ɦɵ 
ɩɨɥɭɱɚɟɦ Ψi   . Ɇɨɞɟɥɶ ɬɚɤɨɝɨ ɭɪɚɜɧɟɧɢɹ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.15. 
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ɋɨɟɞɢɧɢɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɜɯɨɞɵ ɢ ɜɵɯɨɞɵ ɦɨɞɟɥɟɣ ɭɪɚɜɧɟɧɢɣ (2.37), 
(2.39), (2.41), (2.42), (2.45), (2.46) ɢ ɩɨɞɚɜ ɧɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɜɯɨɞɵ smU  ɢ 
s  ɦɵ ɩɨɥɭɱɢɦ ɩɨɥɧɭɸ ɦɨɞɟɥɶ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɟ 
Ɋɢɫɭɧɨɤ 2.14 – ɋɬɪɭɤɬɭɪɧɚɹ 
схема
Ɋɢɫɭɧɨɤ 2.15 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 
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ɤɨɨɪɞɢɧɚɬ ɜ ɤɨɬɨɪɨɣ ɨɬɫɭɬɫɬɜɭɟɬ ɜ ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɨɣ ɫɤɨɪɨɫɬɶ ɜɪɚɳɟɧɢɹ 
ɤɨɨɪɞɢɧɚɬ (ɪɢɫɭɧɨɤ 2.16).  
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3. Ɇɨɞɟɥɶ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɫ ɭɱёɬɨɦ ɧɚɫɵɳɟɧɢɹ
3.1 Аɧɚɥɢɬɢɱɟɫɤɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 
ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ ɞɜɢɝɚɬɟɥɹ 
Ɇɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɜ 
ɩɪɟɞɵɞɭɳɟɦ ɪɚɡɞɟɥɟ, ɩɨɥɭɱɟɧɵ ɜ ɩɪɟɞɩɨɥɨɠɟɧɢɢ ɩɨɫɬɨɹɧɫɬɜɚ ɟɟ 
ɩɚɪɚɦɟɬɪɨɜ. Ɏɚɤɬɢɱɟɫɤɢ ɜɫɟ ɩɚɪɚɦɟɬɪɵ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɩɪɨɰɟɫɫɟ ɟɟ 
ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ ɢɡɦɟɧɹɸɬɫɹ. ɑɚɫɬɶ ɩɚɪɚɦɟɬɪɨɜ ɢɡɦɟɧɹɟɬɫɹ ɥɢɛɨ ɜ ɜɟɫɶɦɚ 
ɦɚɥɨɦ ɞɢɚɩɚɡɨɧɟ, ɥɢɛɨ ɢɯ ɱɢɫɥɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɞɨɫɬɚɬɨɱɧɨ ɦɚɥɵ ɢ ɢɯ 
ɢɡɦɟɧɟɧɢɟ ɧɟ ɨɤɚɡɵɜɚɟɬ ɡɚɦɟɬɧɨɝɨ ɜɥɢɹɧɢɹ ɧɚ ɯɚɪɚɤɬɟɪ ɩɪɨɬɟɤɚɧɢɹ 
ɩɪɨɰɟɫɫɨɜ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜɩɨɥɧɟ ɩɪɚɜɨɦɟɪɧɨ ɩɪɢɧɢɦɚɬɶ ɷɬɢ ɩɚɪɚɦɟɬɪɵ 
ɩɨɫɬɨɹɧɧɵɦɢ ɢ ɪɚɜɧɵɦɢ ɢɥɢ ɢɯ ɭɫɪɟɞɧɟɧɧɵɦ ɡɧɚɱɟɧɢɹɦ ɢɥɢ ɤɨɧɤɪɟɬɧɵɦ 
ɡɧɚɱɟɧɢɹɦ ɢɡ ɜɨɡɦɨɠɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɢɯ ɢɡɦɟɧɟɧɢɹ, ɯɚɪɚɤɬɟɪ ɩɪɨɬɟɤɚɧɢɹ 
ɩɪɨɰɟɫɫɨɜ ɩɪɢ ɤɨɬɨɪɵɯ ɢɧɬɟɪɟɫɭɟɬ ɢɫɫɥɟɞɨɜɚɬɟɥɹ [11, 12]. 
ɂɡɦɟɧɟɧɢɹ ɞɪɭɝɨɣ ɱɚɫɬɢ ɩɚɪɚɦɟɬɪɨɜ ɨɤɚɡɵɜɚɟɬ ɡɚɦɟɬɧɨɟ ɜɥɢɹɧɢɟ ɧɚ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɢ ɷɬɨ ɩɪɢ ɪɟɲɟɧɢɢ ɪɹɞɚ ɡɚɞɚɱ 
ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ. 
ɇɚɢɛɨɥɟɟ ɫɭɳɟɫɬɜɟɧɧɵɦɢ ɮɚɤɬɨɪɚɦɢ, ɜɥɢɹɸɳɢɦɢ ɧɚ ɫɜɨɣɫɬɜɚ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, ɹɜɥɹɸɬɫɹ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɢ 
ɷɮɮɟɤɬ ɜɵɬɟɫɧɟɧɢɹ ɬɨɤɚ ɢɡ ɫɬɟɪɠɧɟɣ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ 
ɫɤɨɥɶɠɟɧɢɹ. 
Ɋɚɡɪɚɛɨɬɤɭ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɩɨɥɹɪɧɵɯ 
ɤɨɨɪɞɢɧɚɬɚɯ ɫ ɭɱɟɬɨɦ ɭɤɚɡɚɧɧɵɯ ɮɚɤɬɨɪɨɜ ɨɫɭɳɟɫɬɜɢɦ ɧɚ ɨɫɧɨɜɟ ɩɨɞɯɨɞɨɜ, 
ɩɨɥɨɠɟɧɢɣ ɢ ɪɟɤɨɦɟɧɞɚɰɢɣ, ɢɡɥɨɠɟɧɧɵɯ ɜ ɪɚɛɨɬɚɯ [12, 15, 16]. 
ȼɥɢɹɧɢɟ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɭɱɬɟɦ ɤɪɢɜɨɣ 
ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ ɚɩɩɪɨɤɫɢɦɢɪɨɜɚɧɧɨɣ ɫɬɟɩɟɧɧɵɦ ɩɨɥɢɧɨɦɨɦ ɫɟɞɶɦɨɝɨ 
ɩɨɪɹɞɤɚ [12]: ݅௠ሺ߰௠ሻ = ݃ଵ߰௠ + ݃ଶ߰௠ଷ + ݃ଷ߰௠ହ + ݃ସ߰௠7 . (3.1.1) 
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Ɂɞɟɫɶ ݅௠ – ɚɦɩɥɢɬɭɞɧɨɟ ɡɧɚɱɟɧɢɟ ɬɨɤɚ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ (ɨ.ɟ.);߰௠ – ɚɦɩɥɢɬɭɞɧɨɟ ɡɧɚɱɟɧɢɟ ɝɥɚɜɧɨɝɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ (ɨ.ɟ.).
Ɂɧɚɱɟɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɨɥɢɧɨɦɢɚɥɶɧɨɣ ɚɩɩɪɨɤɫɢɦɚɰɢɢ ɪɚɜɧɵ ݃ଵ =Ͳ,ͳͶͺͶͷ, ݃ଶ = Ͳ,ʹ͹͹͵͹, ݃ଷ = −Ͳ,ͷͶ͸Ͷ, ݃ସ = Ͳ,Ͷͳ͹ʹͷ.
ɂɫɩɨɥɶɡɭɹ ɩɨɧɹɬɢɹ ɩɟɪɟɦɟɧɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɜɡɚɢɦɧɨɣ 
ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ, ɨɩɪɟɞɟɥɹɟɦɨɝɨ ɩɨ ɤɪɢɜɨɣ 
ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ ݈௠ = ߰௠ሺ݅௠ሻ݅௠ = ݈௠ሺ݅௠ሻ, (3.1.2ɚ) 
ɢɥɢ ݈௠ = ߰௠݅௠ሺ߰௠ሻ = ݈௠ሺ߰௠ሻ, (3.1.2ɛ) 
ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɧɚɦɚɝɧɢɱɢɜɚɸɳɢɯ ɬɨɤɨɜ ݅௠ = ݅௦ + ݅௥ , (3.1.3) 
ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɝɥɚɜɧɨɝɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ߰௠ = ݈௠ ∙ ݅௠, (3.1.4) 
ɢ ɩɨɦɧɹ, ɱɬɨ ݈௦ = ݈௠ + ݈𝜎௦ ,݈௥ = ݈௠ + ݈𝜎௥ , (3.1.5) 
ɭɪɚɜɧɟɧɢɹ (1.5.10) ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ: 
ݑ௦ = ݎ௦݅௦ + ݆߱௞߰௦ + ݀߰௦݀ݐ , Ͳ = ݎ௥݅௥ + ݆ሺ߱௞ − ߱ሻ߰௥ + ݀߰௥݀ݐ , ߰௦ = ݈௦݅௦ + ݈௠݅௥ = ݈𝜎௦ ∙ ݅௦ + ߰௠,߰௥ = ݈௥݅௥ + ݈௠݅௦ = ݈𝜎௥ ∙ ݅௥ + ߰௠.
(3.1.6) 
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ɍɪɚɜɧɟɧɢɹ (3.1.6) ɫ ɭɱɟɬɨɦ (3.1.1) – (3.1.5) ɦɨɠɧɨ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɥɹ ɪɚɡɪɚɛɨɬɤɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ 
ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ. Ɉɧɢ ɫɨɞɟɪɠɚɬ ɜ ɹɜɧɨɦ ɜɢɞɟ ɧɟɥɢɧɟɣɧɵɣ 
ɤɨɷɮɮɢɰɢɟɧɬ ݈௠, ɭɱɢɬɵɜɚɸɳɢɣ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ, ɢ,
ɨɩɪɟɞɟɥɹɸɳɢɟ ɟɝɨ, ɞɜɟ ɧɨɜɵɟ ɜɟɤɬɨɪɧɵɟ ɩɟɪɟɦɟɧɧɵɟ – ɪɟɡɭɥɶɬɢɪɭɸɳɢɟ 
ɜɟɤɬɨɪɵ ɧɚɦɚɝɧɢɱɢɜɚɸɳɟɝɨ ɬɨɤɚ ݅௠ ɢ ɝɥɚɜɧɨɝɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ߰௠.
ɉɨɥɭɱɚɟɦɚɹ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɜɨɫɩɪɨɢɡɜɨɞɢɬ ɜɫɟ 
ɩɟɪɟɦɟɧɧɵɟ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, ɮɢɝɭɪɢɪɭɸɳɢɟ ɜ ɭɪɚɜɧɟɧɢɹɯ (3.1.1) – 
(3.1.6), ɢ ɫɨɞɟɪɠɢɬ ɨɞɢɧ ɬɪɟɛɭɸɳɢɣ ɜɵɱɢɫɥɟɧɢɹ ɧɟɥɢɧɟɣɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ. 
ɉɪɢɱɟɦ ɩɪɨɰɟɞɭɪɚ ɜɵɱɢɫɥɟɧɢɹ ɷɬɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɦɨɠɟɬ ɛɵɬɶ ɡɚɦɟɧɟɧɚ 
ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɵɦ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɭɪɚɜɧɟɧɢɹ (3.1.1) ɨɩɢɫɵɜɚɸɳɟɝɨ ɤɪɢɜɭɸ 
ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ. 
ȼɨɡɦɨɠɟɧ ɢ ɞɪɭɝɨɣ ɩɨɞɯɨɞ ɤ ɪɚɡɪɚɛɨɬɤɟ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ ɫ 
ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ. ɇɚ 
ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɦ ɷɬɚɩɟ ɚɧɚɥɢɡɚ ɭɪɚɜɧɟɧɢɣ (3.1.6) ɢɡ ɧɢɯ, ɩɭɬɟɦ ɜɵɪɚɠɟɧɢɹ 
ɨɞɧɢɯ ɩɟɪɟɦɟɧɧɵɯ ɱɟɪɟɡ ɞɪɭɝɢɟ, ɢɫɤɥɸɱɚɸɬɫɹ ɩɟɪɟɦɟɧɧɵɟ, ɧɟ ɭɱɚɫɬɜɭɸɳɢɟ 
ɜ ɮɨɪɦɢɪɨɜɚɧɢɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɧɟɥɢɧɟɣɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɜɡɚɢɦɧɨɣ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ (3.1.2ɚ), (3.1.2ɛ). ȼ 
ɪɟɡɭɥɶɬɚɬɟ, ɩɨɥɭɱɚɟɦɵɟ ɧɚ ɨɫɧɨɜɟ ɬɚɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɧɧɵɯ ɭɪɚɜɧɟɧɢɣ, 
ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɜɨɫɩɪɨɢɡɜɨɞɹɬ ɦɟɧɶɲɟɟ ɤɨɥɢɱɟɫɬɜɨ ɩɟɪɟɦɟɧɧɵɯ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, ɨɞɧɚɤɨ, ɩɪɢ ɷɬɨɦ, ɤɨɥɢɱɟɫɬɜɨ ɩɨɞɥɟɠɚɳɢɯ 
ɜɵɱɢɫɥɟɧɢɸ ɧɟɥɢɧɟɣɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɜɨɡɪɚɫɬɚɟɬ. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɚɤ ɩɨɥɧɵɟ ɭɪɚɜɧɟɧɢɹ (3.1.6) ɬɚɤ ɢ ɩɪɟɨɛɪɚɡɨɜɚɧɧɵɟ, 
ɞɚɸɬ ɩɪɚɤɬɢɱɟɫɤɢ ɪɚɜɧɨɰɟɧɧɵɟ ɩɨ ɫɥɨɠɧɨɫɬɢ ɢ ɧɚɝɥɹɞɧɨɫɬɢ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ 
ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɜɵɛɨɪ ɜɚɪɢɚɧɬɚ 
ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɨɩɪɟɞɟɥɹɟɬɫɹ ɧɟ ɷɬɢɦɢ ɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ, ɚ 
ɤɨɧɤɪɟɬɧɵɦɢ ɰɟɥɹɦɢ ɢ ɡɚɞɚɱɚɦɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 
ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɢɜɟɞɟɧɵ ɩɪɨɰɟɞɭɪɵ ɩɨɥɭɱɟɧɢɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ 
ɦɨɞɟɥɟɣ ɧɚ ɨɫɧɨɜɟ ɩɨɥɧɵɯ ɭɪɚɜɧɟɧɢɣ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ (3.1.6) ɢ 
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ɭɪɚɜɧɟɧɢɣ ɜ ɩɟɪɟɦɟɧɧɵɯ߰௦ − ߰௥ ɢ ݅௦ − ߰௥. ɉɪɨɰɟɞɭɪɚ ɩɨɥɭɱɟɧɢɹ ɞɪɭɝɢɯ
ɜɨɡɦɨɠɧɵɯ ɜɚɪɢɚɧɬɨɜ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ ɚɧɚɥɨɝɢɱɧɚ ɪɚɫɫɦɨɬɪɟɧɧɵɦ. 
3.2 ɉɨɫɬɪɨɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɦɨɞɟɥɢ АȾ ɫ ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ 
ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 
ɉɨɞɫɬɚɜɢɦ ɜ ɭɪɚɜɧɟɧɢɹ (3.1.6) ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɜ 
ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ: 
ݑ௦ ∙ ݁௝𝜑𝑢ೞ = ݎ௦݅௦ ∙ ݁௝𝜑𝑖ೞ + ݆߱௞߰௦ ∙ ݁௝𝜑𝜓ೞ + ݀݀ݐ (߰௦ ∙ ݁௝𝜑𝜓ೞ),Ͳ = ݎ௥݅௥ ∙ ݁௝𝜑ೝ + ݆ሺ߱௞ − ߱ሻ߰௥ ∙ ݁௝𝜑𝜓ೝ + ݀݀ݐ (߰௥ ∙ ݁௝𝜑𝜓ೝ),߰௦ ∙ ݁௝𝜑𝜓ೞ = ݈𝜎௦ ∙ ݅௦ ∙ ݁௝𝜑𝑖ೞ + ߰௠ ∙ ݁௝𝜑𝜓𝑚 ,߰௥ ∙ ݁௝𝜑𝜓ೝ = ݈𝜎௥ ∙ ݅௥ ∙ ݁௝𝜑𝑖ೝ + ߰௠ ∙ ݁௝𝜑𝜓𝑚 ,
(3.1.7) 
ɝɞɟ 
߰௠ ∙ ݁௝𝜑𝜓𝑚 = ݈௠ ∙ ݅௠ ∙ ݁௝𝜑𝑖𝑚 ,݅௠ ∙ ݁௝𝜑𝑖𝑚 = ݅௦ ∙ ݁௝𝜑𝑖ೞ + ݅௥ ∙ ݁௝𝜑𝑖ೝ . (3.1.8) 
ȼ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɹɯ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɫɢɫɬɟɦɵ 
ɭɪɚɜɧɟɧɢɣ (3.1.7) ɜɵɱɢɫɥɢɦ ɩɪɨɢɡɜɨɞɧɵɟ. ɉɨɬɨɦ ɜ ɩɟɪɜɨɦ ɭɪɚɜɧɟɧɢɢ ɥɟɜɭɸ 
ɢ ɩɪɚɜɭɸ ɱɚɫɬɢ ɩɨɞɟɥɢɦ ɧɚ ݁௝𝜑𝜓ೞ , ɚ ɜɨ ɜɬɨɪɨɦ – ɧɚ ݁௝𝜑𝜓ೝ . ɉɟɪɟɣɞɹ ɤ
ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ ɡɚɩɢɫɢ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɢ ɜɵɞɟɥɢɜ ɢ 
ɡɚɩɢɫɚɜ ɨɬɞɟɥɶɧɨ ɜ ɩɨɥɭɱɟɧɧɵɯ ɜ ɪɟɡɭɥɶɬɚɬɟ ɞɟɥɟɧɢɹ ɫɨɨɬɧɨɲɟɧɢɹɯ 
ɜɟɳɟɫɬɜɟɧɧɵɟ ɢ ɦɧɢɦɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ ɨɤɨɧɱɚɬɟɥɶɧɨ ɢɦɟɟɦ: 
45 
݀߰௦݀ݐ = ݑ௦ cos(𝜑௨ೞ − 𝜑𝜓ೞ) − ݎ௦݅௦ cos(𝜑௜ೞ − 𝜑𝜓ೞ),݀𝜑𝜓௦݀ݐ = ݑ௦ sin(𝜑௨ೞ − 𝜑𝜓ೞ)߰௦ − ݎ௦݅௦ sin(𝜑௜ೞ − 𝜑𝜓ೞ)߰௦ − ߱௞ ,݀߰௥݀ݐ = −ݎ௥݅௥ cos(𝜑௜ೝ − 𝜑𝜓ೝ),݀𝜑𝜓௥݀ݐ = − ݎ௥݅௥ sin(𝜑௜ೝ − 𝜑𝜓ೝ)߰௥ − ሺ߱௞ − ߱ሻ.
(3.1.9) 
ȼɟɳɟɫɬɜɟɧɧɵɟ ɢ ɦɧɢɦɵɟ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɨɜ ɬɨɤɚ ɫɬɚɬɨɪɚ ݅௦ ɢ ɪɨɬɨɪɚ݅௥ ɨɩɪɟɞɟɥɢɦ ɜɵɪɚɡɢɜ ɢɯ, ɫ ɩɨɦɨɳɶɸ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ (3.1.7), (3.1.8), ɱɟɪɟɡ
ɜɟɳɟɫɬɜɟɧɧɵɟ ɢ ɦɧɢɦɵɟ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɨɜ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ ߰௦
ɢ ɪɨɬɨɪɚ ߰௥:
݅௦ ∙ cos𝜑௜ೞ = ቆ݈′௥ + ݇௦ ∙ ݈௠݈௦ ∙ ݈′௥ ቇ ∙ ߰௦ ∙ cos 𝜑௜ೞ − ݇௦݈′௥ ∙ ߰௥ ∙ cos 𝜑𝜓ೝ ;݅௦ ∙ sin𝜑௜ೞ = ቆ݈′௥ + ݇௦ ∙ ݈௠݈௦ ∙ ݈′௥ ቇ ∙ ߰௦ ∙ sin 𝜑௜ೞ − ݇௦݈′௥ ∙ ߰௥ ∙ sin𝜑𝜓ೝ ;݅௥ ∙ cos 𝜑௜ೝ = ͳ݈′௥ ∙ ߰௥ ∙ cos 𝜑𝜓ೝ − ݇௦݈′௥ ∙ ߰௦ ∙ cos 𝜑௜ೞ ;݅௥ ∙ sin 𝜑௜ೝ = ͳ݈′௥ ∙ ߰௥ ∙ sin 𝜑𝜓ೝ − ݇௦݈′௥ ∙ ߰௦ ∙ sin 𝜑௜ೞ .
(3.1.10) 
Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɤɨɦɩɨɧɟɧɬ ɭɪɚɜɧɟɧɢɣ (3.1.9), ɫɨɞɟɪɠɚɳɢɯ 
ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɢɟ ɮɭɧɤɰɢɢ ɨɬ ɪɚɡɧɨɫɬɟɣ ɚɪɝɭɦɟɧɬɨɜ ɪɟɡɭɥɶɬɢɪɭɸɳɢɯ 
ɜɟɤɬɨɪɨɜ, ɜɨɫɩɨɥɶɡɭɟɦɫɹ ɫɨɨɬɧɨɲɟɧɢɹɦɢ: 
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ݑ௦ cos(𝜑௨ೞ − 𝜑𝜓ೞ) = ݑ௦(cos𝜑௨ೞ ∙ cos 𝜑𝜓ೞ + sin 𝜑௨ೞ ∙ sin 𝜑𝜓ೞ),ݑ௦ sin(𝜑௨ೞ − 𝜑𝜓ೞ) = ݑ௦(sin𝜑௨ೞ ∙ cos 𝜑𝜓ೞ − cos𝜑௨ೞ ∙ sin 𝜑𝜓ೞ),݅௦ cos(𝜑௜ೞ − 𝜑𝜓ೞ) = ݅௦cos 𝜑௜ೞ ∙ cos𝜑𝜓ೞ + ݅௦ sin𝜑௜ೞ ∙ sin 𝜑𝜓ೞ ,݅௦ sin(𝜑௜ೞ − 𝜑𝜓ೞ) = ݅௦sin 𝜑௜ೞ ∙ cos𝜑𝜓ೞ − ݅௦ cos𝜑௜ೞ ∙ sin 𝜑𝜓ೞ ,݅௥ cos(𝜑௜ೝ − 𝜑𝜓ೝ) = ݅௥cos𝜑௜ೝ ∙ cos𝜑𝜓ೝ + ݅௥ sin 𝜑௜ೝ ∙ sin 𝜑𝜓ೝ ,݅௥ sin(𝜑௜ೝ − 𝜑𝜓ೝ) = ݅௥sin𝜑௜ೝ ∙ cos𝜑𝜓ೝ − ݅௥ cos 𝜑௜ೝ ∙ sin 𝜑𝜓ೝ .
(3.1.11) 
ɉɟɪɟɦɟɧɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɜ ɭɪɚɜɧɟɧɢɹɯ (3.1.10) ɩɪɟɞɫɬɚɜɢɦ ɹɜɧɵɦɢ 
ɮɭɧɤɰɢɹɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɜɡɚɢɦɨɢɧɞɭɤɰɢɢ ݈௠:
ͳ݈′௥ = ଵ݂ሺ݈௠ሻ = ݈௦𝜎 + ݈௠݈௦𝜎݈௥𝜎 + ሺ݈௦𝜎 + ݈௥𝜎ሻ݈௠ , (3.1.12) ݇௦݈′௥ = ଶ݂ሺ݈௠ሻ = ݈௠݈௦𝜎݈௥𝜎 + ሺ݈௦𝜎 + ݈௥𝜎ሻ݈௠ , (3.1.13) ݈′௥ + ݇௦ ∙ ݈௠݈௦ ∙ ݈′௥ = ଷ݂ሺ݈௠ሻ = ݈௥𝜎 + ݈௠݈௦𝜎݈௥𝜎 + ሺ݈௦𝜎 + ݈௥𝜎ሻ݈௠ , (3.1.14) 
ɤɨɬɨɪɵɣ ɨɩɪɟɞɟɥɢɦ ɫɨɨɬɧɨɲɟɧɢɟɦ (3.1.2ɛ). 
Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɦɨɞɭɥɹ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɝɥɚɜɧɨɝɨ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɨɩɹɬɶ ɜɨɫɩɨɥɶɡɭɟɦɫɹ ɭɪɚɜɧɟɧɢɹɦɢ ɫɜɹɡɢ. ɉɪɟɞɫɬɚɜɢɦ 
ɬɪɟɬɶɟ ɭɪɚɜɧɟɧɢɟ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (3.1.7) ɜ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ: 
߰௦ cos𝜑𝜓ೞ + ݆߰௦ sin 𝜑𝜓ೞ = ݈𝜎௦(݅௦cos𝜑௜ೞ + ݆݅௦ sin𝜑௜ೞ) ++(߰௠cos𝜑𝜓𝑚 + ݆߰௠ sin𝜑𝜓𝑚), (3.1.15) 
ɍɪɚɜɧɟɧɢɟ (3.1.15) ɩɨɡɜɨɥɹɟɬ ɜɵɱɢɫɥɢɬɶ ɜɟɳɟɫɬɜɟɧɧɭɸ ɢ ɦɧɢɦɭɸ 
ɫɨɫɬɚɜɥɹɸɳɢɟ ɤɨɦɩɥɟɤɫɧɨɣ ɩɟɪɟɦɟɧɧɨɣ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɣ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ 
ɜɟɤɬɨɪ ɝɥɚɜɧɨɝɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ: 
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߰௠ ∙ cos𝜑𝜓𝑚 = ߰௦ ∙ cos𝜑𝜓ೞ − ݈𝜎௦ ∙ ݅௦ cos𝜑௜ೞ , (3.1.16) ߰௠ ∙ sin 𝜑𝜓𝑚 = ߰௦ ∙ sin𝜑𝜓ೞ − ݈𝜎௦ ∙ ݅௦ sin𝜑௜ೞ , (3.1.17) 
ɚ ɡɚɬɟɦ ɢ ɦɨɞɭɥɶ ߰௠ ɷɬɨɝɨ ɜɟɤɬɨɪɚ:
߰௠ = √(߰௠ cos𝜑𝜓𝑚)ଶ + (߰௠ sin 𝜑𝜓𝑚)ଶ. (3.1.18) 
ȼɵɱɢɫɥɟɧɢɟ ɚɪɝɭɦɟɧɬɚ 𝜑𝜓𝑚  ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɝɥɚɜɧɨɝɨ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɡɞɟɫɶ ɧɟ ɬɪɟɛɭɟɬɫɹ, ɩɨɫɤɨɥɶɤɭ ɜ ɹɜɧɨɦ ɜɢɞɟ ɨɧ ɜ ɭɪɚɜɧɟɧɢɹɯ 
ɧɟ ɮɢɝɭɪɢɪɭɟɬ. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ,  ɬɚɤ ɤɚɤ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɟ ɭɪɚɜɧɟɧɢɹ ɜɜɟɞɟɧɵ ɞɜɟ 
ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɜɟɤɬɨɪɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ݅௠
ɢ ߰௠, ɬɨ ɩɨɹɜɢɥɚɫɶ ɜɨɡɦɨɠɧɨɫɬɶ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɤ ɭɪɚɜɧɟɧɢɹɦ (1.5.11)
ɢɫɩɨɥɶɡɨɜɚɬɶ ɟɳɟ ɱɟɬɵɪɟ ɩɚɪɵ ɮɨɪɦɭɥ ɜɵɱɢɫɥɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ 
ɦɨɦɟɧɬɚ: 
݉Э = ܫ݉ [߰̇௠ ∙ ݅௦] ,  ݉Э = ܫ݉[݈௠?̇?௠ ∙ ݅௦],݉Э = ܫ݉[߰௠ ∙ ?̇?௥],  ݉Э = ܫ݉[݈௠݅௠ ∙ ?̇?௥],݉Э = ܫ݉ [݈𝜎௦−ଵ߰̇௠ ∙ ߰௦] ,݉Э = ܫ݉ [݈𝜎௥−ଵ߰௠ ∙ ߰̇௥] , ݉Э = ܫ݉ [
݈௠݈𝜎௦ ?̇?௠ ∙ ߰௦] ,݉Э = ܫ݉ [݈௠݈𝜎௥ ݅௠ ∙ ߰̇௥] .
(3.1.19) 
Ɉɞɧɚɤɨ ɩɪɢ ɩɪɚɤɬɢɱɟɫɤɢɯ ɪɚɫɱɟɬɚɯ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɰɟɥɟɫɨɨɛɪɚɡɧɵɦ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɬɟ ɢɡ ɧɢɯ, ɤɨɬɨɪɵɟ ɧɟ ɫɨɞɟɪɠɚɬ ɧɟɥɢɧɟɣɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ. 
ȼ ɭɪɚɜɧɟɧɢɹɯ (3.1.9), (3.1.14) – (3.1.18) ɜɫɟ ɜɟɤɬɨɪɧɵɟ ɩɟɪɟɦɟɧɧɵɟ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɢɯ ɩɨɥɹɪɧɵɦɢ ɤɨɨɪɞɢɧɚɬɚɦɢ. Ⱦɨɩɨɥɧɢɜ 
ɷɬɢ ɭɪɚɜɧɟɧɢɹ, ɜɵɛɪɚɧɧɨɣ ɢɡ ɜɨɡɦɨɠɧɵɯ ɜɚɪɢɚɧɬɨɜ (1.5.11), (3.1.19), 
ɤɨɧɤɪɟɬɧɨɣ ɮɨɪɦɭɥɨɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ, ɜɟɤɬɨɪɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɜ 
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ɤɨɬɨɪɨɣ ɬɚɤ ɠɟ ɩɪɟɞɫɬɚɜɢɦ ɢɯ ɩɨɥɹɪɧɵɦɢ ɤɨɨɪɞɢɧɚɬɚɦɢ (3.1.20), ɢ 
ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ (1.5.12), ɩɨɥɭɱɢɦ ɩɨɥɧɭɸ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, ɭɱɢɬɵɜɚɸɳɭɸ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ. ȼ 
ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɵɯ ɫɨɫɬɨɹɧɢɹ ɡɞɟɫɶ ɮɢɝɭɪɢɪɭɸɬ ɦɨɞɭɥɢ ɢ ɚɪɝɭɦɟɧɬɵ 
ɜɟɤɬɨɪɧɵɯ ɩɟɪɟɦɟɧɧɵɯ, ɬɨ ɟɫɬɶ ɢɯ ɩɨɥɹɪɧɵɟ ɤɨɨɪɞɢɧɚɬɵ. 
ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, ɞɥɹ 
ɮɨɪɦɭɥɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 
ܯЭ = ܫ݉ [߰̇௦ ∙ ݅௦] = ߰௦ ∙ ݅௦ sin(𝜑௜ೞ − 𝜑𝜓ೞ), (3.1.20) 
ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 3.1. 
Ȼɥɨɤ ɮɨɪɦɢɪɨɜɚɧɢɹ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɧɚ ɷɬɨɣ ɫɯɟɦɟ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ 
ɫɬɪɭɤɬɭɪɧɭɸ ɪɟɚɥɢɡɚɰɢɸ ɭɪɚɜɧɟɧɢɣ (3.1.1), (3.1.2ɛ), (3.1.12) – (3.1.14), (3.1.16) – 
(3.1.18). 
3.3 Ɇɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝝍࢙ − 𝝍࢘ ɜ ɩɨɥɹɪɧɵɯ
ɤɨɨɪɞɢɧɚɬɚɯ 
ɋ ɩɨɦɨɳɶɸ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ ɜ ɭɪɚɜɧɟɧɢɹɯ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ 
ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (3.16) ɜɵɪɚɡɢɦ ɬɨɤɢ ݅௦, ݅௥ ɱɟɪɟɡ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ߰௦, ߰௥.
ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɨɥɭɱɢɦ [12]: 
ݑ௦ = 𝑝߰௦ + ߙ௦𝜎߰௦ − ߙ௦𝜎݇௥߰௥ + ݆߱௞߰௦ ,Ͳ = 𝑝߰௥ + ߙ௥𝜎߰௥ − ߙ௥𝜎݇௦߰௦ + ݆ሺ߱௞ − ߱ሻ߰௥ , (3.1.21) 
ɝɞɟ ߙ௦𝜎 = ݎ௦݈௦𝜎 + ݇௥݈௥𝜎 ,  ߙ௥𝜎 = ݎ௥݈௥𝜎 + ݇௦݈௦𝜎 , ݇௦ = ݈௠݈௠ + ݈௦𝜎 = ߰௠ሺ݅௠ሻ߰௠ሺ݅௠ሻ + ݈௦𝜎݅௠ ,  ݇௥ = ݈௠݈௠ + ݈௥𝜎 = ߰௠ሺ݅௠ሻ߰௠ሺ݅௠ሻ + ݈௥𝜎݅௠ (3.1.22) 
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– ɡɚɜɢɫɹɳɢɟ ɨɬ ɫɬɟɩɟɧɢ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ
ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ ɩɟɪɟɦɟɧɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ, ɨɩɪɟɞɟɥɟɧɧɵɟ ɫ ɭɱɟɬɨɦ 
(3.1.5) ɢ (3.1.2ɚ, ɛ). 
Ⱦɥɹ ɨɛɟɫɩɟɱɟɧɢɹ ɜɨɡɦɨɠɧɨɫɬɢ ɢɯ ɜɵɱɢɫɥɟɧɢɹ ɜ ɭɪɚɜɧɟɧɢɢ (3.1.3), ɫ 
ɩɨɦɨɳɶɸ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ (ɫɦ. (3.1.6)), ɡɚɦɟɧɢɦ ɬɨɤɢ ݅௦, ݅௥
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹɦɢ ߰௦, ߰௥. ɋ ɭɱɟɬɨɦ ɭɪɚɜɧɟɧɢɹ (3.1.1) ɜ ɪɟɡɭɥɶɬɚɬɟ ɦɨɠɟɦ
ɡɚɩɢɫɚɬɶ [12]: ߰௠ + ݈𝜎݅௠ = ݈𝜎݈௦𝜎 ߰௦ + ݈𝜎݈௥𝜎 ߰௥,݅௠ = ݂ሺ߰௠ሻ, (3.1.23) 
ɝɞɟ ݈𝜎 = ௟ೞ𝜎௟ೝ𝜎௟ೞ𝜎+௟ೝ𝜎 – ɩɨɫɬɨɹɧɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ.
Ⱦɨɩɨɥɧɢɜ ɭɪɚɜɧɟɧɢɹ (3.1.21) – (3.1.23) ɮɨɪɦɭɥɨɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ 
ɦɨɦɟɧɬɚ: 
݉Э = ܫ௠ [݈𝜎э−ଵ߰௦ ∙ ߰̇௥] (3.1.24) 
ɢ ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ (1.5.12) ɩɨɥɭɱɢɦ 
ɭɱɢɬɵɜɚɸɳɭɸ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰௦ − ߰௥.
Ɂɚɩɢɲɟɦ ɜ ɭɪɚɜɧɟɧɢɹɯ (3.1.21) – (3.1.24) ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɜ 
ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ, ɚ ɡɚɬɟɦ ɜɵɩɨɥɧɢɦ ɧɚɞ ɩɨɥɭɱɟɧɧɵɦɢ ɜɵɪɚɠɟɧɢɹɦɢ ɬɟ 
ɠɟ ɩɪɨɰɟɞɭɪɵ, ɱɬɨ ɢ ɜ ɩɪɟɞɵɞɭɳɟɦ ɩɚɪɚɝɪɚɮɟ ɧɚɞ ɭɪɚɜɧɟɧɢɹɦɢ (3.1.7) 
(ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɟ; ɞɟɥɟɧɢɟ ɧɚ ɦɧɨɠɢɬɟɥɶ ɩɪɢ ɩɪɨɢɡɜɨɞɧɵɯ ɨɬ ɦɨɞɭɥɟɣ 
ɜɟɤɬɨɪɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɩɨ ɜɪɟɦɟɧɢ; ɩɟɪɟɯɨɞ ɤ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ 
ɡɚɩɢɫɢ ɢ ɪɚɡɞɟɥɟɧɢɟ ɜɟɳɟɫɬɜɟɧɧɨɣ ɢ ɦɧɢɦɨɣ ɫɨɫɬɚɜɥɹɸɳɢɯ). 
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ȼ ɪɟɡɭɥɶɬɚɬɟ ɩɨɥɭɱɢɦ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ 
(3.1.25), ɜ ɤɨɬɨɪɨɣ ɜ ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɵɯ ɫɨɫɬɨɹɧɢɹ ɮɢɝɭɪɢɪɭɸɬ ɩɨɥɹɪɧɵɟ 
ɤɨɨɪɞɢɧɚɬɵ (ɦɨɞɭɥɶ ɢ ɚɪɝɭɦɟɧɬ) ɪɟɡɭɥɶɬɢɪɭɸɳɢɯ ɜɟɤɬɨɪɨɜ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ: 
𝑝߰௦ = −ߙ௦𝜎߰௦ + ߙ௦𝜎݇௥߰௥ cos(𝜑𝜓ೞ − 𝜑𝜓ೝ) + ݑ௦ cos(𝜑௨ೞ − 𝜑𝜓ೞ) ,𝑝𝜑𝜓ೞ = −݇௥ߙ௦𝜎 ߰௥߰௦ sin(𝜑𝜓ೞ − 𝜑𝜓ೝ) − ߱௞ + ݑ௦߰௦ sin(𝜑௨ೞ − 𝜑𝜓ೞ) ,𝑝߰௥ = −ߙ௥𝜎߰௥ + ݇௦ߙ௥𝜎߰௦ cos(𝜑𝜓ೞ − 𝜑𝜓ೝ) ,𝑝𝜑𝜓ೝ = −݇௦ߙ௥𝜎 ߰௦߰௥ sin(𝜑𝜓ೞ − 𝜑𝜓ೝ) − ߱௞ + ߱,߰௠ = √( ݈𝜎݈௦𝜎 ߰௦ cos 𝜑𝜓ೞ + ݈𝜎݈௥𝜎 ߰௥ cos𝜑𝜓ೝ)ଶ ++( ݈𝜎݈௦𝜎 ߰௦ sin𝜑𝜓ೞ + ݈𝜎݈௥𝜎 ߰௥ sin𝜑𝜓ೝ)ଶ − ݈𝜎݅௠,݅௠ = ݂ሺ߰௠ሻ,݉Э = ͳ݈𝜎э ߰௦߰௥ sin(𝜑𝜓ೞ − 𝜑𝜓ೝ) ,ܬ𝑝߱ = ݉Э ± ݉С.
(3.1.25) 
ɉɟɪɟɦɟɧɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ݇௥, ݇௦, ߙ௦𝜎, ߙ௥𝜎 ɨɩɪɟɞɟɥɹɸɬɫɹ ɮɨɪɦɭɥɚɦɢ
(3.1.22). Ʉɨɷɮɮɢɰɢɟɧɬ ݈𝜎э ɜ ɮɨɪɦɭɥɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 
ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɨɨɬɧɨɲɟɧɢɟɦ: 
݈𝜎э = ݈௦𝜎 + ݈௥𝜎 + ݈௦𝜎݈௥𝜎݈௠ = ݈௦𝜎 + ݈௥𝜎݇௦ . (3.1.26) 
ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɭɪɚɜɧɟɧɢɹɦ (3.1.25), ɫ ɭɱɟɬɨɦ ɮɨɪɦɭɥ (3.1.22), (3.1.26) 
ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 3.2. Ɋɚɡɜɟɪɧɭɬɚɹ ɫɯɟɦɚ ɛɥɨɤɚ ɮɨɪɦɢɪɨɜɚɧɢɹ 
ɩɟɪɟɦɟɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 3.3. 
52 
us
cos(φus-φȥs) +
+
×
×
ȥs
cos(φȥs-φȥr) ×
×
×
-
+
1
×
×
÷
+
-
+
-
+
1
s
ȥs
ȥr
ȥr
ksȥs φȥr
sin(φȥs-φȥr)
-
+
-
ȥr
ȥs
sin(φȥs-φȥr)
×
×
÷
us
ȥs
sin(φus-φȥs)
1
s -
+
φȥs
φȥs-φȥr
φus-φȥs
cos
sin
cos
sin
cos(φȥs-φȥr) sin(φȥs-φȥr)
Ȧk
φus
Ȧ
mc
Js
Ȼɥɨɤ
ɮɨɪɦɢɪɨɜɚɧɢɹ
ɩɟɪɟɦɟɧɧɵɯ
ɤɨɷɮɮɢɰɢɟɧɬɨɜ
÷
lsэ
lsэ
×
×
×
×
1
s
+
-
1
s
×
×
ks
ars
ars
-
×
×
×
×
×
×
kr
ass
ks
ars
ass
kr
ȥs
ȥr
φȥs
φȥr
×
×ȥr
ars
×
×
÷
×
×
kr
ass
ass
Ɋɢɫɭɧɨɤ 3.2. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰௦ − ߰௥ ɫ ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ 
53 
×
×
×
ȥm
÷
lsэ
ks
ars
ass
kr
ȥs
ȥr
φȥs
φȥr
lss
ls
cos
sin
×
×
×
×
lrs
ls
cos
sin
×
×
+
+
+
+
×
×
×
×
+
+
+
+
f(ym) lss
+
+
ls lrs
+
+
im
×
÷
f1(ks)
f2(ks)
f(kr)
f(ym)=g1ym+g2ym+g3ym+g4ym3 5 7
f1(ks)=lss+lrs+
rs
lss+lrs kr
lss lrs
im
f2(ks)=
lrs+lss ks
f(kr)= rr
Ɋɢɫɭɧɨɤ 3.3. ɋɯɟɦɚ ɛɥɨɤɚ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɟɪɟɦɟɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɥɹ ɦɨɞɟɥɢ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰௦ − ߰௥
54 
3.4 Ɇɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝒊࢙ − 𝝍࢘ ɜ ɩɨɥɹɪɧɵɯ
ɤɨɨɪɞɢɧɚɬɚɯ 
Ɂɚ ɨɫɧɨɜɭ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ 
ɭɱɢɬɵɜɚɸɳɟɣ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ 
ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɜɨɡɶɦɟɦ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɟ ɭɪɚɜɧɟɧɢɹ ɜ ɩɟɪɟɦɟɧɧɵɯ ݅௦ − ߰௥
ɩɪɢɜɟɞɟɧɧɵɟ ɜ [12] 
Ɂɚɩɢɫɚɧɧɵɟ ɜ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɷɬɢ ɭɪɚɜɧɟɧɢɹ ɢɦɟɸɬ ɜɢɞ: 
ݑ௦ = ݈э𝑝݅௦ + ݎэ݅௦ + ݆߱௞݅э݅௦ + ݆߱௞݇௥߰௥ − ሺ݇௥ߙ௥ − 𝑝݇௥ሻ߰௥ ,Ͳ = 𝑝߰௥ + ߙ௥߰௥ + ݆ሺ߱௞ − ߱ሻ߰௥ − ݎ௥݇௥݅௦߰௠ + ݈௥𝜎݅௠ = ߰௥ + ݈௥𝜎݅௦݅௠ = ݂ሺ߰௠ሻ, (3.1.27) 
ɝɞɟ ݎэ = ݎ௦ + ݇௥ଶݎ௥ + ݈௥𝜎𝑝݇௥,    ݈э = ݈௦𝜎 + ݇௥݈௥𝜎 ,݇௥ = ݈௠݈௠ + ݈௥𝜎 = ߰௠ሺ݅௠ሻ߰௠ሺ݅௠ሻ + ݈௥𝜎݅௠, ߙ௥ = ݎ௥݈௠ + ݈௥𝜎 = ݎ௥݅௠߰௠ሺ݅௠ሻ + ݈௥𝜎݅௠ (3.1.28) 
– ɡɚɜɢɫɹɳɢɟ ɨɬ ɫɬɟɩɟɧɢ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɩɟɪɟɦɟɧɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ, ɨɩɪɟɞɟɥɹɟɦɵɟ ɫ ɩɨɦɨɳɶɸ 
ɬɪɟɬɶɟɝɨ ɢ ɱɟɬɜɟɪɬɨɝɨ ɭɪɚɜɧɟɧɢɣ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (3.1.27). 
Ɍɪɟɬɶɟ ɭɪɚɜɧɟɧɢɟ ɫɢɫɬɟɦɵ (3.1.27) ɩɨɥɭɱɟɧɨ ɢɡ ɭɪɚɜɧɟɧɢɹ (3.1.3) ɩɭɬɟɦ 
ɡɚɦɟɧɵ ɜ ɧɟɦ ɬɨɤɚ ݅௥ ɫ ɩɨɦɨɳɶɸ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ (ɫɦ. ɭɪɚɜɧɟɧɢɟ (3.1.6))
ɩɟɪɟɦɟɧɧɵɦɢ ݅௦, ߰௥, ߰௠. ɑɟɬɜɟɪɬɨɟ ɭɪɚɜɧɟɧɢɟ ɨɩɪɟɞɟɥɹɟɬ ɮɭɧɤɰɢɨɧɚɥɶɧɭɸ
ɡɚɜɢɫɢɦɨɫɬɶ ɦɟɠɞɭ ݅௠ ɢ ߰௠ ɫɨɝɥɚɫɧɨ (3.1.1).
Ɂɚɩɢɫɚɜ ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɜ ɭɪɚɜɧɟɧɢɹɯ (3.1.28) ɜ 
ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ, ɚ ɡɚɬɟɦ, ɜɵɩɨɥɧɢɜ ɧɚɞ ɩɨɥɭɱɟɧɧɵɦɢ ɜɵɪɚɠɟɧɢɹɦɢ 
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ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɚɧɚɥɨɝɢɱɧɵɟ ɪɚɫɫɦɨɬɪɟɧɧɵɦ ɜ ɩɪɟɞɵɞɭɳɢɯ 
ɩɚɪɚɝɪɚɮɚɯ, ɩɨɥɭɱɢɦ: 
𝑝݅௦ = ͳ݈э ݑ௦cos(𝜑௨ೞ − 𝜑௜ೞ) − ݎэ݈э ݅௦ + (݇௥ߙ௥ − 𝑝݇௥݈э )߰௥ cos(𝜑௜ೞ − 𝜑𝜓ೞ) −−݇௥݈э ߱߰௥ sin(𝜑௜ೞ − 𝜑𝜓ೝ) ,𝑝𝜑௜ೞ = ͳ݈э ݑ௦݅௦ sin(𝜑௨ೞ − 𝜑௜ೞ) − (݇௥ߙ௥ − 𝑝݇௥݈э )߰௥݅௦ sin(𝜑௜ೞ − 𝜑𝜓ೝ) − ߱௞ −−݇௥݈э ߱ ߰௥݅௦ cos(𝜑௜ೞ − 𝜑𝜓ೝ) ,𝑝߰௥ = ݎ௥݇௥݅௦ cos(𝜑௜ೞ − 𝜑𝜓ೝ) − ߙ௥߰௥,𝑝𝜑𝜓ೝ = ݎ௥݇௥ ݅௦߰௥ sin(𝜑௜ೞ − 𝜑𝜓ೝ) − ߱௞ + ߱,߰௠ + ݈௥𝜎݅௠ = √(߰௥ cos𝜑𝜓ೝ + ݈௥𝜎݅௦ cos𝜑௜ೞ)ଶ + (߰௥ sin𝜑𝜓ೝ + ݈௥𝜎݅௦ sin 𝜑௜ೞ)ଶ,݅௠ = ݂ሺ߰௠ሻ.
(3.1.29) 
Ⱦɨɩɨɥɧɢɜ ɭɪɚɜɧɟɧɢɹ (3.1.29) ɮɨɪɦɭɥɨɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ 
ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ: 
݉э = ݇௥݅௦߰௥ sin(𝜑௜ೞ − 𝜑𝜓ೝ),𝑝߱ = ͳܬ ሺ݉Э ± ݉௦ሻ, (3.1.30) 
ɩɨɥɭɱɢɦ ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɩɟɪɟɦɟɧɧɵɯ ݅௦ − ߰௥ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɭɱɢɬɵɜɚɸɳɭɸ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ
ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ. 
ɋɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɭɪɚɜɧɟɧɢɹɦ (3.1.29), (3.1.30) ɫɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 3.4 ɢ ɪɢɫ. 3.5. ɉɪɢ ɩɨɫɬɪɨɟɧɢɢ 
ɪɚɡɜɟɪɧɭɬɨɣ ɫɯɟɦɵ ɛɥɨɤɚ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɟɪɟɦɟɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 
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ɢɫɩɨɥɶɡɨɜɚɧɨ ɩɹɬɨɟ ɭɪɚɜɧɟɧɢɟ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (3.1.29) ɢ ɭɪɚɜɧɟɧɢɹ 
(3.1.1), (3.1.28). 
ɂɡ ɫɨɩɨɫɬɚɜɥɟɧɢɹ ɪɢɫ. 2.1, ɪɢɫ. 2.2 ɢ ɪɢɫ. 3.2, ɪɢɫ. 3.4 ɥɟɝɤɨ ɡɚɦɟɬɢɬɶ, 
ɱɬɨ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ɦɨɞɟɥɟɣ ɭɱɢɬɵɜɚɸɳɢɯ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ 
ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɦɟɪɟ ɫɨɜɩɚɞɚɸɬ ɫɨ ɫɬɪɭɤɬɭɪɚɦɢ ɦɨɞɟɥɟɣ ɫ 
ɩɨɫɬɨɹɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ. Ɉɬɥɢɱɢɹ ɜ ɬɨɦ, ɱɬɨ ɦɨɞɟɥɢ ɭɱɢɬɵɜɚɸɳɢɟ 
ɧɚɫɵɳɟɧɢɟ ɞɨɩɨɥɧɟɧɵ ɛɥɨɤɨɦ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɟɪɟɦɟɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ. 
Ʉɪɨɦɟ ɬɨɝɨ, ɥɢɧɟɣɧɵɟ ɚɩɟɪɢɨɞɢɱɟɫɤɢɟ ɡɜɟɧɶɹ ɦɨɞɟɥɟɣ ɫ ɩɨɫɬɨɹɧɧɵɦɢ 
ɩɚɪɚɦɟɬɪɚɦɢ ɡɞɟɫɶ ɡɚɦɟɧɟɧɵ ɫɬɪɭɤɬɭɪɚɦɢ, ɫɨɫɬɨɹɳɢɦɢ ɢɡ ɢɧɬɟɝɪɢɪɭɸɳɟɝɨ 
ɡɜɟɧɚ ɨɯɜɚɱɟɧɧɨɝɨ ɧɟɥɢɧɟɣɧɨɣ ɨɬɪɢɰɚɬɟɥɶɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜɹɡɶɸ, ɚ ɥɢɧɟɣɧɵɟ 
ɛɟɡɵɧɟɪɰɢɨɧɧɵɟ ɡɜɟɧɶɹ ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɩɨɫɬɨɹɧɧɵɟ ɩɚɪɚɦɟɬɪɵ ɡɚɦɟɧɟɧɵ 
ɩɨɫɬɭɩɚɸɳɢɦɢ ɧɚ ɜɯɨɞɵ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɛɥɨɤɨɜ ɩɟɪɟɦɧɨɠɟɧɢɹ 
ɩɟɪɟɦɟɧɧɵɦɢ ɦɧɨɠɢɬɟɥɹɦɢ ɜɵɱɢɫɥɹɟɦɵɦɢ ɛɥɨɤɨɦ ɮɨɪɦɢɪɨɜɚɧɢɹ 
ɩɟɪɟɦɟɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ. 
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Ɋɢɫɭɧɨɤ 3.5. Ɋɚɡɜɟɪɧɭɬɚɹ ɫɯɟɦɚ ɛɥɨɤɚ ɮɨɪɦɢɪɨɜɚɧɢɹ ɩɟɪɟɦɟɧɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɞɥɹ ɪɢɫ. 3.4 
59 
4 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 
4.1 Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ АɆ 
4.1.1Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4А160Ɇ4У3 ɩɨ 
ɩɚɫɩɨɪɬɧɵɦ ɞɚɧɧɵɦ 
ɉɚɫɩɨɪɬɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 4Ⱥ160Ɇ4ɍ3 ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɚɯ 
4.1.1 –4.1.3 [14]. 
Ɍɚɛɥɢɰɚ 4.1.1 – ɇɨɦɢɧɚɥɶɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 
P2ɧɨɦ, ɤȼɬ Uɧɨɦ , ȼ ZP Ș, ɨ.ɟ. cos φ 
18,5 220 2 89,5 0,88 
Ɍɚɛɥɢɰɚ 4.1.2 – ɉɚɪɚɦɟɬɪɵ ɫɯɟɦɵ ɡɚɦɟɳɟɧɢɹ, ɨ.ɟ. 
Xm R'1 X'1 R''2 X''2 R''2ɉ RКɉ XКɉ 
4,3 0,042 0,085 0,024 0,13 0,037 0,079 0,14 
Ɍɚɛɥɢɰɚ 4.1.3 – ɉɭɫɤɨɜɵɟ ɫɜɨɣɫɬɜɚ 
mɉ mɆ mК sɧɨɦ,% sК,% JȾɊ,ɤɝ∙ɦ2
1,4 1 2,3 2,2 16 0,13 
Ɋɚɫɫɱɢɬɚɟɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɚɪɚɦɟɬɪɵ ɦɚɲɢɧɵ ɜ 
ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ⱦɥɹ ɷɬɨɝɨ ɫɧɚɱɚɥɚ ɪɚɫɫɱɢɬɚɟɦ ɛɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ:  
Ȼɚɡɢɫɧɨɟ ɧɚɩɪɹɠɟɧɢɟ: 
Uɛ=Us.max.ɧɨɦ=√2∙Uɧɨɦ,  (4.1.1) 
Uɛ=√2∙220=311,127 ȼ.
Ȼɚɡɢɫɧɵɣ ɬɨɤ: 
60 
Iɛ=Is.max.ɧɨɦ=√2∙Iɧɨɦ,  ሺ4.1.2ሻ 
ɝɞɟ Iɧɨɦ − ɧɨɦɢɧɚɥɶɧɵɣ ɮɚɡɧɵɣ ɬɨɤ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ, Ⱥ.
Iɧɨɦ= P2ɧɨɦ∙10
3
3∙Ș∙ cos φ ∙Uɧɨɦ ,  ሺ4.1.3ሻ 
Iɧɨɦ= 185003∙0,895∙0,88∙220 =35,59 Ⱥ, 
Iɛ=√2∙35,59=50,33 Ⱥ.
Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ: 
ȍɛ=2∙π∙fs.ɧɨɦ,  ሺ4.1.4ሻ 
ɝɞɟ fs.ɧɨɦ=50 Ƚц − ɧɨɦɢɧɚɥɶɧɚɹ ɱɚɫɬɨɬɚ ɧɚɩɪɹɠɟɧɢɹ ɩɢɬɚɧɢɹ.
ȍɛ=2∙π∙50=314,159 ɪɚɞ ɫ⁄ .
Ȼɚɡɢɫɧɨɟ ɜɪɟɦɹ: 
Tɛ= Θɛ ȍɛ⁄ ,  ሺ4.1.5ሻ 
Tɛ= 1 314,159⁄ =0,0032 ɫ.
Ȼɚɡɢɫɧɨɟ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ: 
Ȍɛ=Uɛ∙Tɛ,       ሺ4.1.6ሻ 
Ȍɛ=311,127∙0,0032=0,9903 ȼɛ. 
Ȼɚɡɢɫɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ: 
61 
Lɛ= Ȍɛ Iɛ⁄ ,  ሺ4.1.7ሻ 
Lɛ= 0,9903 50,33⁄ =0,0197 Ƚɧ.
Ȼɚɡɢɫɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ: 
Zɛ= Uɛ Iɛ⁄ ,  ሺ4.1.8ሻ 
Zɛ= 311,127 50,33⁄ =6,1816 Ɉɦ. 
Ȼɚɡɢɫɧɚɹ ɦɨɳɧɨɫɬɶ: 
Pɛ= 3∙Uɛ∙Iɛ 2⁄ ,  ሺ4.1.9ሻ 
Pɛ= 3∙311,127∙50,33 2⁄ =23489,1 ȼɬ. 
Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ: 
ȍɛr= ȍɛ Zp⁄ ,  ሺ4.1.10ሻ 
ȍɛr= 314,159 2⁄ =157,08 ɪɚɞ/ɫ. 
Ȼɚɡɢɫɧɵɣ ɭɝɨɥ ɩɨɜɨɪɨɬɚ ɪɨɬɨɪɚ: 
Θɛr= Θɛ Zp⁄ ,  ሺ4.1.11ሻ 
Θɛr= 1 2⁄ =0,5 эɥ.ɪɚɞ. 
Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ: 
Mɛ= Pɛ ȍɛr⁄ ,  ሺ4.1.12ሻ 
Mɛ= 23489,1 157,08⁄ =149,536 ɇ∙ɦ.
Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ: 
62 
Jɛ= Mɛ∙Tɛ∙Zp ȍɛ⁄ ,  (4.1.13) 
Jɛ= 149,536∙0,0032∙2 314,159⁄ =0,003 ɤɝ∙ɦ2. 
ȼɵɱɢɫɥɢɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɩɚɪɚɦɟɬɪɵ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ɋɚɫɱɟɬ ɫɜɟɞɟɦ ɜ ɬɚɛɥɢɰɭ 
4.1.4. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɦɨɬɨɤ ɦɚɲɢɧɵ  ɭɠɟ ɩɪɢɜɟɞɟɧɵ 
ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ ɢ ɜɟɥɢɱɢɧɵ ɢɧɞɭɤɬɢɜɧɨɫɬɟɣ ɛɭɞɭɬ ɫɨɜɩɚɞɚɬɶ ɫ 
ɢɧɞɭɤɬɢɜɧɵɦɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹɦɢ (ɬɚɛɥɢɰɚ 4.1.2). ȼɟɥɢɱɢɧɵ ɚɤɬɢɜɧɨɝɨ 
ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 
ɨɩɪɟɞɟɥɹɸɬɫɹ ɫɨɝɥɚɫɧɨ [13], ɢ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɩɪɢɧɹɬɵ ɪɚɜɧɵɦɢ 20% ɢ 10% 
ɨɬ ɩɨɥɧɵɯ ɡɧɚɱɟɧɢɣ ɚɤɬɢɜɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ 
ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
Ɍɚɛɥɢɰɚ 4.1.4 – ɉɚɪɚɦɟɬɪɵ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɨ.ɟ. 
ȼɟɥɢɱɢɧɚ Ɉɛɨɡɧɚɱɟ-
ɧɢɟ 
Ɋɚɫɱɟɬ Ɂɧɚɱɟɧɢɟ 
Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɧɨɣ ɰɟɩɢ rs R'1 0,042 Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɪɨɬɨɪɧɨɣ ɰɟɩɢ rr R''2 0,024 ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ lsσ X'1 0,085 ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lrσ X''2 0,13 ȼɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ lm Xm 4,3 ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ ls lsσ+lm 4,385 ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lr lrσ+lm 4,43 Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ 
rr.ɥ 0,2∙rr 0,0048 
Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɚɡɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ ɩɪɢ ɪɚɜɧɨɦɟɪɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɤɚ ɩɨ 
ɫɟɱɟɧɢɸ ɫɬɟɪɠɧɟɣ 
rr.ɩ rr-rr.ɥ 0,0192 
ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ 
lrσ.ɥ 0,1∙lrσ.ɥ 0,013 
ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɩɚɡɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ ɩɪɢ ɪɚɜɧɨɦɟɪɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɤɚ ɩɨ 
ɫɟɱɟɧɢɸ ɫɬɟɪɠɧɟɣ 
lrσ.ɩ lrσ-lrσ.ɩ 0,117 
Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɫɬɚɬɨɪɚ ks lm ls⁄ 0,9806 Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ kr lm lr⁄ 0,9707 ɉɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ ɦɚɲɢɧɵ σ 1-ks∙kr 0,0482 Эɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɫɬɚɬɨɪɚ l's=lэ σ∙ls 0,2112 Эɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɪɨɬɨɪɚ l'r σ∙lr 0,2134 Эɤɜɢɜɚɥɟɧɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɚ rэ rs+kr2∙rr 0,0646 
63 
Эɤɜɢɜɚɥɟɧɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ Tэ lэ rэ⁄ 3,2685 ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ ɪɨɬɨɪɧɨɣ ɰɟɩɢ Tr lr rr⁄ 8,8897 Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ J JȾɊ Jɛ⁄ 42,901 
4.1.2 Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4А250S4У3 ɩɨ 
ɩɚɫɩɨɪɬɧɵɦ ɞɚɧɧɵɦ 
ɉɚɫɩɨɪɬɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 4Ⱥ250S4ɍ3 ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɚɯ 4.1.5 
– Ͷ.ͳ.7 [14].
Ɍɚɛɥɢɰɚ Ͷ.ͳ.5 – ɇɨɦɢɧɚɥɶɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 
P2ɧɨɦ, ɤȼɬ Uɧɨɦ , ȼ ZP Ș, ɨ.ɟ. cos φ 
75 220 2 0,93 0,9 
Ɍɚɛɥɢɰɚ Ͷ.ͳ.6 – ɉɚɪɚɦɟɬɪɵ ɫɯɟɦɵ ɡɚɦɟɳɟɧɢɹ, ɨ.ɟ. 
Xm R'1 X'1 R''2 X''2 R''2ɉ RКɉ XКɉ 
4,4 0,026 0,089 0,014 0,11 0,027 0,052 0,15 
Ɍɚɛɥɢɰɚ Ͷ.ͳ.7 – ɉɭɫɤɨɜɵɟ ɫɜɨɣɫɬɜɚ 
mɉ mɆ mК sɧɨɦ,% sК,% JȾɊ,ɤɝ∙ɦ2
1,2 1 2,3 1,2 9,5 1 
Ɋɚɫɫɱɢɬɚɟɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɚɪɚɦɟɬɪɵ ɦɚɲɢɧɵ ɜ 
ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ⱦɥɹ ɷɬɨɝɨ ɫɧɚɱɚɥɚ ɪɚɫɫɱɢɬɚɟɦ ɛɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ. 
Ȼɚɡɢɫɧɨɟ ɧɚɩɪɹɠɟɧɢɟ: 
Uɛ=Us.max.ɧɨɦ=√2∙Uɧɨɦ,  (Ͷ.ͳ.1Ͷ) 
Uɛ=√2∙220=311,127 ȼ.
Ȼɚɡɢɫɧɵɣ ɬɨɤ: 
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Iɛ=Is.max.ɧɨɦ=√2∙Iɧɨɦ,  ሺͶ.ͳ.15ሻ 
ɝɞɟ Iɧɨɦ − ɧɨɦɢɧɚɥɶɧɵɣ ɮɚɡɧɵɣ ɬɨɤ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ, Ⱥ.
Iɧɨɦ= P2ɧɨɦ∙10
3
3∙Ș∙ cos φ ∙Uɧɨɦ ,  ሺͶ.ͳ.16ሻ 
Iɧɨɦ= 750003∙0,93∙0,9∙220 =135,77 Ⱥ, 
Iɛ=√2∙135,77=192 Ⱥ.
Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ: 
ȍɛ=2∙π∙fs.ɧɨɦ,  ሺͶ.ͳ.17ሻ 
ɝɞɟ fs.ɧɨɦ=50 Ƚц − ɧɨɦɢɧɚɥɶɧɚɹ ɱɚɫɬɨɬɚ ɧɚɩɪɹɠɟɧɢɹ ɩɢɬɚɧɢɹ.
ȍɛ=2∙π∙50=314,159 ɪɚɞ ɫ⁄ .
Ȼɚɡɢɫɧɨɟ ɜɪɟɦɹ: 
Tɛ= Θɛ ȍɛ⁄ ,  ሺͶ.ͳ.18ሻ 
Tɛ= 1 314,159⁄ =0,0032 ɫ.
Ȼɚɡɢɫɧɨɟ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ: 
Ȍɛ=Uɛ∙Tɛ,  ሺͶ.ͳ.19ሻ 
Ȍɛ=311,127∙0,0032=0,9903 ȼɛ. 
Ȼɚɡɢɫɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ: 
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Lɛ= Ȍɛ Iɛ⁄ ,  ሺͶ.ͳ.20ሻ 
Lɛ= 0,9903 192⁄ =0,0052 Ƚɧ. 
Ȼɚɡɢɫɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ: 
Zɛ= Uɛ Iɛ⁄ ,  ሺͶ.ͳ.21ሻ 
Zɛ= 311,127 192⁄ =1,6204 Ɉɦ. 
Ȼɚɡɢɫɧɚɹ ɦɨɳɧɨɫɬɶ: 
Pɛ= 3∙Uɛ∙Iɛ 2⁄ ,  ሺͶ.ͳ.22ሻ 
Pɛ= 3∙311,127∙192 2⁄ =89605,74 ȼɬ. 
Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ: 
ȍɛr= ȍɛ Zp⁄ ,  ሺͶ.ͳ.23ሻ 
ȍɛr= 314,159 2⁄ =157,08 ɪɚɞ/ɫ. 
Ȼɚɡɢɫɧɵɣ ɭɝɨɥ ɩɨɜɨɪɨɬɚ ɪɨɬɨɪɚ: 
Θɛr= Θɛ Zp⁄ ,  ሺͶ.ͳ.24ሻ 
Θɛr= 1 2⁄ =0,5 эɥ.ɪɚɞ. 
Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ: 
Mɛ= Pɛ ȍɛr⁄ ,  ሺͶ.ͳ.25ሻ 
Mɛ= 89605,74 157,08⁄ =570,45 ɇ∙ɦ.
Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ: 
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Jɛ= Mɛ∙Tɛ∙Zp ȍɛ⁄ ,  (Ͷ.ͳ.26) 
Jɛ= 570,45∙0,0032∙2 314,159⁄ =0,0116 ɤɝ∙ɦ2. 
Ⱦɚɥɟɟ ɜɵɱɢɫɥɢɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɩɚɪɚɦɟɬɪɵ 
ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ɋɚɫɱɟɬ ɫɜɟɞɟɦ ɜ ɬɚɛɥɢɰɭ 
4.1.8  
Ɍɚɛɥɢɰɚ Ͷ.ͳ.8 – ɉɚɪɚɦɟɬɪɵ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɨ.ɟ. 
ȼɟɥɢɱɢɧɚ Ɉɛɨɡɧɚɱɟ-
ɧɢɟ 
Ɋɚɫɱɟɬ Ɂɧɚɱɟɧɢɟ 
Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɧɨɣ ɰɟɩɢ rs R'1 0,026 Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɪɨɬɨɪɧɨɣ ɰɟɩɢ rr R''2 0,014 ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ lsσ X'1 0,089 ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lrσ X''2 0,11 ȼɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ lm Xm 4,4 ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ ls lsσ+lm 4,489 ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lr lrσ+lm 4,51 Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɫɬɚɬɨɪɚ ks lm ls⁄ 0,9802 Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ kr lm lr⁄ 0,9756 ɉɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ ɦɚɲɢɧɵ σ 1-ks∙kr 0,0437 Эɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɫɬɚɬɨɪɚ l's=lэ σ∙ls 0,1963 Эɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɪɨɬɨɪɚ l'r σ∙lr 0,1972 Эɤɜɢɜɚɥɟɧɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɚ rэ rs+kr2∙rr 0,0393 Эɤɜɢɜɚɥɟɧɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ Tэ lэ rэ⁄ 4,9921 ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ ɪɨɬɨɪɧɨɣ ɰɟɩɢ Tr lr rr⁄ 322,143 Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ J JȾɊ Jɛ⁄ 86,5075 
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4.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɨɣ 
ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɫ ɭɱёɬɨɦ ɧɚɫɵɳɟɧɢɹ 
4.2.1Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4А160Ɇ4УɁ ɜ 
ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 
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Ɋɢɫɭɧɨɤ 4.2.2 - Ƚɪɚɮɢɤ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.3 - Ƚɪɚɮɢɤ ɫɤɨɪɨɫɬɢ 
69 
Ɋɢɫɭɧɨɤ 4.2.4 - Ɏɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.5 – ɋɬɚɬɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 
70 
4.2.2Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4А250S4УɁ ɜ 
ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 
Ɋɢɫɭɧɨɤ 4.2.6 - Ƚɪɚɮɢɤ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.7 - Ƚɪɚɮɢɤ ɫɤɨɪɨɫɬɢ 
71 
Ɋɢɫɭɧɨɤ 4.2.8 - Ɏɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.9 – ɋɬɚɬɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 
72 
4.2.3
 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ
 ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ
 4А160Ɇ4УɁ
 ɜ 
ɩɟɪɟɦɟɧɧɵɯ ߰ݏ
 −
 ߰ݎ
 
Ɋɢɫɭɧɨɤ 4.2.10 ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰s – ߰r 
ɫ ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ 
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Ɋɢɫɭɧɨɤ 4.2.11 - Ƚɪɚɮɢɤ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.12 - Ƚɪɚɮɢɤ ɫɤɨɪɨɫɬɢ 
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Ɋɢɫɭɧɨɤ 4.2.13 - Ɏɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.14 – ɋɬɚɬɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 
75 
4.2.4 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4А250S4УɁ ɜ 
ɩɟɪɟɦɟɧɧɵɯ ߰ݏ − ߰ݎ 
Ɋɢɫɭɧɨɤ 4.2.15 - Ƚɪɚɮɢɤ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.16 - Ƚɪɚɮɢɤ ɫɤɨɪɨɫɬɢ 
76 
Ɋɢɫɭɧɨɤ 4.2.17 - Ɏɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.18 – ɋɬɚɬɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 
77 
4.2.5 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ
 4А160Ɇ4УɁ
 ɜ 
ɩɟɪɟɦɟɧɧɵɯ ݅ݏ
 −
 ߰ݎ
 
Ɋɢɫɭɧɨɤ 4.2.19 - ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ ݅ݏ − ߰ݎ ɫ ɭɱɟɬɨɦ ɧɚɫɵɳɟɧɢɹ ɝɥɚɜɧɨɣ 
ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ 
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Ɋɢɫɭɧɨɤ 4.2.20 - Ƚɪɚɮɢɤ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.21 - Ƚɪɚɮɢɤ ɫɤɨɪɨɫɬɢ 
79 
Ɋɢɫɭɧɨɤ 4.2.22 - Ɏɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.23 – ɋɬɚɬɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 
80 
4.2.6 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4А250S4УɁ ɜ 
ɩɟɪɟɦɟɧɧɵɯ ݅ݏ – ߰ݎ
Ɋɢɫɭɧɨɤ 4.2.24 - Ƚɪɚɮɢɤ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.25 - Ƚɪɚɮɢɤ ɫɤɨɪɨɫɬɢ 
81 
Ɋɢɫɭɧɨɤ 4.2.26 - Ɏɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
Ɋɢɫɭɧɨɤ 4.2.27 – ɋɬɚɬɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 
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ɁАɄɅЮЧȿɇɂȿ 
Ȼɚɤɚɥɚɜɪɫɤɚɹ ɪɚɛɨɬɚ ɧɨɫɢɬ ɧɚɭɱɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɯɚɪɚɤɬɟɪ ɢ 
ɩɨɫɜɹɳɟɧɚ ɩɨɫɬɪɨɟɧɢɸ ɢ ɢɫɫɥɟɞɨɜɚɧɢɸ ɫɬɪɭɤɬɭɪɧɵɯ ɫɯɟɦ ɦɨɞɟɥɟɣ 
ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɫ ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ ɪɚɡɥɢɱɧɨɝɨ ɭɪɨɜɧɹ 
ɬɨɱɧɨɫɬɢ. ɇɟɨɛɯɨɞɢɦɨɫɬɶ ɜ ɬɚɤɢɯ ɦɨɞɟɥɹɯ ɜɨɡɧɢɤɚɟɬ ɜ ɱɚɫɬɧɨɫɬɢ ɩɪɢ 
ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɱɚɫɬɨɬɧɨ-ɭɩɪɚɜɥɹɟɦɵɯ ɚɫɢɧɯɪɨɧɧɵɯ ɷɥɟɤɬɪɨɩɪɢɜɨɞɨɜ. ɉɪɢ 
ɜɵɩɨɥɧɟɧɢɢ ɪɚɛɨɬɵ ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ:  
1. ȼ ɤɚɱɟɫɬɜɟ ɛɚɡɨɜɨɣ ɜɡɹɬɚ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɚɫɢɧɯɪɨɧɧɨɝɨ
ɞɜɢɝɚɬɟɥɹ ɜ ɜɢɞɟ ɭɪɚɜɧɟɧɢɣ ɉɚɪɤɚ-Ƚɨɪɶɟɜɚ, ɩɨɥɭɱɟɧɧɵɯ ɧɚ ɨɫɧɨɜɚɧɢɢ 
ɩɨɧɹɬɢɹ ɨɛɨɛɳёɧɧɨɣ ɦɚɲɢɧɵ, ɜɵɪɚɠɟɧɧɵɯ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝑖 ௦, ߰⃗ ௥ ɢ
ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɜ ɜɢɞɟ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɨɪɢɟɧɬɢɪɨɜɚɧɧɨɣ ɩɨ ɜɟɤɬɨɪɭ 
ɩɢɬɚɸɳɟɝɨ ɞɜɢɝɚɬɟɥɶ ɧɚɩɪɹɠɟɧɢɹ. Ⱦɥɹ ɷɬɨɣ ɦɨɞɟɥɢ ɪɚɡɪɚɛɨɬɚɧɚ ɫɬɪɭɤɬɭɪɚ 
ɪɟɚɥɢɡɚɰɢɢ ɟё ɞɥɹ ɞɜɢɝɚɬɟɥɟɣ 4Ⱥ160Ɇ4ɍ3 ɢ 4Ⱥ250S4ɍ3 ɫ ɧɨɦɢɧɚɥɶɧɨɣ 
ɦɨɳɧɨɫɬɶɸ 18,5 ɢ 74 ɤȼɬ ɜ ɩɚɤɟɬɟ ɩɪɢɤɥɚɞɧɵɯ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɩɪɨɝɪɚɦɦ 
MatLab. ɉɨɥɭɱɟɧɧɵɟ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɪɹɦɨɝɨ ɩɭɫɤɚ ɚɫɢɧɯɪɨɧɧɨɝɨ 
ɞɜɢɝɚɬɟɥɹ ɜɪɟɦɟɧɧɵɟ ɢ ɮɚɡɨɜɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɚ ɬɚɤɠɟ ɝɪɚɮɢɤ ɫɬɚɬɢɱɟɫɤɨɣ 
ɦɟɯɚɧɢɱɟɫɤɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɞɜɢɝɚɬɟɥɹ ɥɟɝɥɢ ɜ ɨɫɧɨɜɭ ɨɰɟɧɤɢ 
ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɩɨɫɥɟɞɭɸɳɢɯ ɜɚɪɢɚɧɬɨɜ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɨɝɨ 
ɞɜɢɝɚɬɟɥɹ ɢ ɫɪɚɜɧɢɬɟɥɶɧɨɣ ɨɰɟɧɤɢ ɜɥɢɹɧɢɹ ɬɟɯ ɢɥɢ ɢɧɵɯ ɩɚɪɚɦɟɬɪɨɜ 
ɞɜɢɝɚɬɟɥɹ.  
2. ȼ ɥɢɬɟɪɚɬɭɪɟ ɨɬɦɟɱɚɟɬɫɹ, ɱɬɨ ɧɚɪɹɞɭ ɫ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɨɣ
ɤɨɨɪɞɢɧɚɬ ɩɪɢ ɨɩɢɫɚɧɢɢ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɬɟɤɚɸɳɢɯ ɜ ɚɫɢɧɯɪɨɧɧɵɯ ɱɚɫɬɨɬɧɨ-
ɭɩɪɚɜɥɹɟɦɵɯ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚɯ, ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɩɨɥɹɪɧɵɟ ɤɨɨɪɞɢɧɚɬɵ 
(ɜ ɫɥɭɱɚɟ ɥɢɧɟɣɧɨ-ɧɟɡɚɜɢɫɢɦɨɣ ɫɢɫɬɟɦɵ ɬɪёɯɮɚɡɧɵɯ ɜɟɥɢɱɢɧ – 
ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ ɤɨɨɪɞɢɧɚɬɵ, ɨ ɩɪɢɦɟɧɟɧɢɢ ɤɨɬɨɪɵɯ ɜ ɥɢɬɟɪɚɬɭɪɟ 
ɭɩɨɦɢɧɚɧɢɹ ɨɬɫɭɬɫɬɜɭɸɬ). ɋɥɟɞɭɟɬ ɡɚɦɟɬɢɬɶ, ɱɬɨ ɰɢɥɢɧɞɪɢɱɟɫɤɢɟ 
(ɩɨɥɹɪɧɵɟ) ɤɨɨɪɞɢɧɚɬɵ ɩɨ ɫɭɬɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɝɟɨɦɟɬɪɢɸ ɦɚɲɢɧɵ. ȼ ɬɨ ɠɟ 
ɜɪɟɦɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɩɨɥɹɪɧɵɯ 
ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɨɥɧɨɦ ɨɛɴёɦɟ ɜ ɥɢɬɟɪɚɬɭɪɟ ɧɟ ɨɬɨɛɪɚɠɟɧɵ, ɚ ɬɟɦ ɛɨɥɟɟ ɧɟ 
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ɢɫɫɥɟɞɨɜɚɧɵ ɫɜɨɣɫɬɜɚ ɬɚɤɢɯ ɦɨɞɟɥɟɣ ɜ ɱɚɫɬɧɨɫɬɢ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɚɥɢɡɚɰɢɢ 
ɢɯ ɰɢɮɪɨɜɵɯ ɦɨɞɟɥɟɣ. ȼ ɞɢɩɥɨɦɧɨɣ ɪɚɛɨɬɟ ɪɚɡɪɚɛɨɬɚɧɚ ɢ ɪɟɚɥɢɡɨɜɚɧɚ ɜ 
ɩɚɤɟɬɟ MatLab ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɵɯ 
ɤɨɨɪɞɢɧɚɬɚɯ ɞɥɹ ɜɟɤɬɨɪɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 𝑖 ௦, ߰⃗ ௥. ȼ ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɵɯ
ɫɨɫɬɨɹɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɩɪɢɧɹɬɵ ɦɨɞɭɥɢ ɢ ɮɚɡɨɜɵɟ ɭɝɥɵ ɦɟɠɞɭ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɜɟɤɬɨɪɚɦɢ ɢ ɩɨɥɹɪɧɨɣ ɨɫɶɸ, ɜɪɚɳɚɸɳɟɣɫɹ ɫ 
ɩɪɨɢɡɜɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ. Ɉɤɚɡɚɥɨɫɶ, ɱɬɨ ɪɟɚɥɢɡɚɰɢɹ 
ɦɨɞɟɥɟɣ ɜ ɰɢɮɪɨɜɨɣ ɮɨɪɦɟ ɩɪɢ ɧɭɥɟɜɵɯ ɧɚɱɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɩɟɪɟɦɟɧɧɵɯ 
ɧɟɜɨɡɦɨɠɧɚ ɜ ɫɜɹɡɢ ɫ ɧɚɥɢɱɢɟɦ ɜ ɦɨɞɟɥɹɯ ɨɩɟɪɚɰɢɢ ɞɟɥɟɧɢɹ. ɉɪɢ ɡɚɞɚɧɢɢ 
ɩɪɨɢɡɜɨɥɶɧɵɯ, ɩɪɢɛɥɢɠɟɧɧɵɯ ɤ ɧɭɥɸ, ɧɚɱɚɥɶɧɵɯ ɭɫɥɨɜɢɣ 
ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɰɢɮɪɨɜɵɯ ɦɨɞɟɥɟɣ ɜɨɫɫɬɚɧɚɜɥɢɜɚɟɬɫɹ, ɩɪɢɱёɦ 
ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɪɚɤɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɸɬ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ, 
ɩɨɥɭɱɟɧɧɵɦɢ ɜ ɛɚɡɨɜɨɦ ɜɚɪɢɚɧɬɟ, ɩɪɚɜɞɚ ɦɚɲɢɧɧɨɟ ɜɪɟɦɹ ɫɱёɬɚ ɩɪɢ ɷɬɨɦ 
ɜɨɡɪɚɫɬɚɟɬ. ɉɪɢ ɩɪɨɜɟɞɟɧɢɢ ɢɫɫɥɟɞɨɜɚɧɢɹ ɧɚ ɦɨɞɟɥɹɯ ɜ ɩɨɥɹɪɧɵɯ 
ɤɨɨɪɞɢɧɚɬɚɯ ɨɛɪɚɳɟɧɨ ɜɧɢɦɚɧɢɟ, ɱɬɨ ɮɚɡɨɜɵɟ ɫɞɜɢɝɢ ɧɟɤɨɬɨɪɵɯ ɜɟɤɬɨɪɧɵɯ 
ɩɟɪɟɦɟɧɧɵɯ ɫɨɫɬɨɹɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɩɪɟɜɵɲɚɸɬ ɭɝɨɥ 2 , ɜ ɪɹɞɟ 
ɪɟɠɢɦɨɜ ɫɭɳɟɫɬɜɟɧɧɨ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɫɞɟɥɚɬɶ ɜɵɜɨɞ ɨ ɬɨɦ, ɱɬɨ ɜɟɤɬɨɪɧɵɟ ɢ 
ɤɪɭɝɨɜɵɟ ɞɢɚɝɪɚɦɦɵ, ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɦɵɟ ɜ ɬɟɨɪɢɢ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɲɢɧ, 
ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɩɪɨɰɟɫɫɵ ɫ ɬɨɱɧɨɫɬɶɸ ɩɨ ɮɚɡɨɜɨɦɭ ɫɞɜɢɝɭ ɤɪɚɬɧɨɦɭ 2 .  
3. ȼ ɛɚɤɚɥɚɜɪɫɤɨɣ ɪɚɛɨɬɟ ɩɨɫɬɪɨɟɧɵ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ
ɭɱɢɬɵɜɚɸɳɢɟ ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ ɞɥɹ ɩɨɥɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɜ 
ɩɟɪɟɦɟɧɧɵɯ ߰⃗ ௦, ߰⃗ ௥ ɢ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝑖 ௦, ߰⃗ ௥ ɜ ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ.
ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥɹɸɬ ɫɭɞɢɬɶ ɨ ɬɨɦ, ɱɬɨ ɜ ɩɪɨɰɟɫɫɟ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɡɚɦɟɬɧɨ ɜɵɪɨɫ ɩɭɫɤɨɜɨɣ ɦɨɦɟɧɬ, ɱɬɨ ɫɨɝɥɚɫɭɟɬɫɹ ɫ 
ɬɟɨɪɟɬɢɱɟɫɤɢɦɢ ɜɵɤɥɚɞɤɚɦɢ. ȼ ɫɜɹɡɢ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɩɭɫɤɨɜɨɝɨ ɦɨɦɟɧɬɚ, 
ɡɧɚɱɢɬɟɥɶɧɨ ɭɦɟɧɶɲɚɟɬɫɹ ɜɪɟɦɹ ɩɟɪɜɨɝɨ ɫɨɝɥɚɫɨɜɚɧɢɹ, ɢ ɜɪɟɦɹ ɩɟɪɟɯɨɞɧɨɝɨ 
ɩɪɨɰɟɫɫɚ (ɜɪɟɦɹ ɩɭɫɤɚ) ȺɆ. ȼ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɜ ɤɨɨɪɞɢɧɚɬɚɯ ߰⃗ ௦, ߰⃗ ௥ 
ɧɚɛɥɸɞɚɟɬɫɹ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ, ɜ ɬɨɠɟ 
ɜɪɟɦɹ ɫɭɳɟɫɬɜɟɧɧɨ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɪɨɬɨɪɚ. ȼ ɦɨɞɟɥɹɯ ɜ 
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ɩɟɪɟɦɟɧɧɵɯ 𝑖 ௦, ߰⃗ ௥ ɜɨɡɪɨɫ ɬɨɤ ɫɬɚɬɨɪɚ , ɜɫɥɟɞɫɬɜɢɟ ɭɜɟɥɢɱɟɧɢɹ ɫɨɩɪɨɬɢɜɥɟɧɢɹ
ɪɨɬɨɪɚ, ɚ ɬɚɤɠɟ ɩɨɥɧɵɯ ɢɧɞɭɤɬɢɜɧɨɫɬɟɣ ɪɨɬɨɪɚ ɢ ɫɬɚɬɨɪɚ, ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ 
ɪɨɬɨɪɚ, ɚɧɚɥɨɝɢɱɧɨ ɦɨɞɟɥɢ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰⃗ ௦, ߰⃗ ௥ ɬɚɤ ɠɟ ɫɭɳɟɫɬɜɟɧɧɨ 
ɜɨɡɪɨɫɥɨ. 
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